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ABSTRACT 


The first two excited states of ae have been studied 
using the ae Ce) reaction and particle-gamma-ray coincidence 
techniques. The gamma-ray branching ratio of the 1,67-MeV state 
to the 0.95-MeV state was found to be (623)% of the ground-state 
transition, An upper limit on the lifetime of the 0.95-MeV state 
was obtained by direct timing, © <3 x i sec. The angular 
correlation of the 0,95-MeV gamma ray measured in time coincidence 
with protons observed at 90° is isotropic at a bombarding energy 
of 1.5 MeV. The combined data arenot sufficient to determine the 
spin of the 0,95=MeV state. The proton-gamma-ray angular correla- 
tion of the 1,67-MeV state is isotropic for the same experimental 
conditions. 

The 3,06—- and 3,85-MeV levels of i have been investigated 
using the Ota ayo”” reaction and neutron-gamma-ray coincidence 
techniques. Doppler=-shift measurements of the 3,85- and 2,19-MeV 
gamma rays yielded © $0.25 x 1 i sec, and C = Tey ie 
sec. for the lifetimes of the 3,85- and 3,06-MeV states respectively. 
The measurements of the neutron~gamma-ray angular correlations, 
combined with the lifetime estimates, give the spin assignment 
5/2 for the 3,85-MeV state and confirm the 1/2. spin assignment 
for the 3,06-MeV state, 

A fast timing system has been developed for use with 


solid-state particle detectors, The observation of the time relation 


between the protons and gamma rays detected in a plastic scintillator 
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was used to demonstrate the performance for p-~y delayed coincidence 

16 i? ; . . 
measurements, For the 0 (d,p)0 reaction to the first excited 
state, the timing resolution obtained was approximately 1.3 nano- 
seconds, This indicates that lifetimes greater than ~ 0.5 nanoseconds 
can be measured directly from the slope of the delayed edge of the 


resolution curve, 
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CHAPTER 1 


INTRODUCTION 


The experiments described in this thesis are investiga- 


4 
12 oi? 


tions of the low-lying states of b and » The emphasis is 


placed on the experimental techniques used to study these nuclei. 
The importance of nuclear spectroscopy is concisely described 


in the following quotation: 


"The study of nuclear reactions of the light nuclei 
is not at present one of the basic investigations of 
nuclear physics, At present, emphasis is place increas- 
ingly on attempts to interpret the inter-nucleon force 
in terms of quantized field theory in which the 7t -mesons 
are the quanta, The behaviour of the meson-nucleon 
system and the role played by new unstable particles in 
field theory have therefore become the central questions 
of nuclear physics, At first sight it might appear that 
the interactions of relatively complex systems of 
nucleons, moving with non-relativistic velocities, could 
contribute little to an answer to these questions. This 
is however not so, at least in so far as the force be- 
tween nucleons is concerned, Although important proper- 
ties of this force can be inferred from the two-body 
system and from the knowledge that nuclear forces show 
saturation, some properties, such as charge indepen- 
dence, do seem to be best exhibited in the existence of 
nuclear charge multiplets. The existence of non-central 
couplings is perhaps basically a matter for high energy 
experiments, but such properties are also revealed in 


nuclear level splittings and in the sequence of single 
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particle states of the nuclear shell model, and the 
possibility of many-body forces can only be investigated 
through a detailed knowledge of many-body systems, 

These reasons, apart from the general interest of the 
subject as a field for experimental endeavour, justify 
the effort still being expended in investigating the 
behaviour of light nuclei, and in tabuleting their 
excited states," 

This quotation is from W. E. Burcham's article on the 
spectra of light nuclei (Bu57). As he points out, the study of the 
properties of nuclear energy levels seems at first to be far removed 
from the study of nuclear forces. Rarely can any far reaching con- 
clusions be drawn from a single experiment, which may be difficult 
in itself, Thus the experimenter is concerned with nuclear spectro- 
scopy, Since it is very difficult to design an experiment that results 
in a direct measurement of some aspect cof nuclear forces as they 
exist in nuclear matter, 

The study of nuclei has produced a bewildering number of 
models of varying complexity, which have as their basis some assump- 
tions regarding the nuclear force, Each model emphasizes some aspect 
of nuclear structure, and together, the models give quite a comprehen- 
sive interpretation of the experimental data, To illustrate this and 

‘ , iy F : 
to briefly review the present knowledge of 0 , consider the following 
well-known problem in nuclear structure, 

17 , : , 

The 0° nucleus consists of eight protons and nine neutrons, 

or sixteen nucleons and one neutron if we interpret by means of the 
16 


shell model, since the lp shell.is doubly filled at 0, The neutron, 


then, is in the (ld,2s) shell and gives the ar nucleus properties of 
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a single-particle nature, Experimental studies of the excited states 


of or? 


are required to identify the single-particle states of the 
shell model as they occur in the (id,2s) shell. The 2s1/2 state 
experimentally appears as the first excited state at 0.871 MeV, 
; : ada cae + ‘ : 
Experiment has shown that the ground-state spin is 5/2 and the spin 
* : J - mr 
of the first excited state is 1/2 . Thus the odd neutron must have 
a relatively independent motion described by it being in the field 
of the others comprising the core. But an interesting thing was 
, : : + =10 
observed; the lifetime of the 1/2 state was measured to be 2.6 x 10 
sec, The shell model forbids this transition,since it assumes a 
single neutron outside a closed shell and an E2 transition should be 
inhibited, In addition, the non-zero value of the ground-state 
quadrupole moment (-0.005 bns) does not agree with the single-particle 
description even though the ground-state magnetic dipole moment does 
(-1.894 mm). In other words the independent, single-particle motion 
assumption is too simple and has to be modified by introducing 
; ; : 16 : 
collective motion, i.e. the 0 core must be distorted, Several 
theoretical calculations have been done and successfully account for 
the observed radiative lifetime of the 0.8/71-MeV state, e.g. see 
reference (Ra60). As will be described later in connection with the 
work done in this thesis, the experimental evidence indicates that 
, 17 ' 
the next two excited states of 0 are not simple states, 
The impression so far is that only by careful consideration 
of all the data can anything resembling a correct interpretation be 


obtained, On the other hand, as indicated in the quotation from 


Burcham’s article, some aspects of nuclear structure reveal themselves 
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clearly. One of the basic assumptions of nuclear structure, the 
charge independence of nuclear forces, has been observed clearly 
in mirror nuclei. (See Fig. 3.8 for the mass 17 mirror nuclei). 

This aspect of nuclear structure is also exhibited in 
the existence of higher isobaric multiplets, but the experimental 
data are less extensive. Another chapter of this thesis describes 
some experimental work done to gain more information on e*, which 
should have excited states corresponding to the T = 1 states in c. 
since these nuclei are members of a charge triplet. 

To obtain a from lal which closes the p 3/2 subshell, 
a proton must be replaced by a neutron and the result is drastic 
(see Fig. 1.1) because the neutron cannot be put into the same sub- 
shell from which the proton was removed, due to the Pauli Principle. 
Nevertheless, the ground state of a and the 15.11-MeV level of 
i both have 5 a = a and are members of an isobaric triplet. The 
anologue of the ground state can be predicted to be at 15,21 MeV 
in or with reference to the ground state of o using the ground-state 
mass differences together with a Coulomb correction (Wi56). The large 
energy shift has been reproduced by the theoretical calculations of 
Kurath (Ku56). The spins of the first two excited states of pi? had 
not been assigned experimentally so that the experimental investigation 
of these states seemed worthwhile. 


If the excited states of _ are populated using the 


B'td.nye reaction, then the radiative properties of these states 
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FIGURE 1.1 


The Energy Level Diagrams of ais and gee 
The ground state of hi is located at the 15.11 MeV 
level of am to indicate the isobaric correspondence of 


these nuclei, 
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can be investigated using proton-gamma-ray coincidence measurements, 
Chapter 2 describes the measurements carried out using the 

11 12 , ; ’ : ea 
B(d,p)B reaction to study the first two excited states. These 
measurements yielded the gamma-ray branching ratio of the 1,67-MeV 
State, some proton-gamma-ray anrular correlations and a rather 
crude limit, as it turned out, on the lifetime of the 0.95-MeV 

i as , , a" iZ 

state. Definite spin assignments for the states of B cannot be 


made on the basis of these measurements alone. Also, the lifetime 


(D 


Si os i, recs 
che 0.871-MeV state of 0° was remeasured by delayed coinc: 
measurements, 

To do the above measurements, a fast timing system for use 
with a solid-state particle detector was developed, This work is 
described in detail in Chapter 4, Some other interesting aspects 
of this system, e.g. the detection of a pulsed accelerator beam, 
were demonstrated and are described in Chapter 4, 

. , . 14 Lf? 

Some experimental work done with the C’ (Q,ny)O0 
reaction and n-yY coincidence techniques is described in Chapter 3, 
These measurements were carried out to determine the spins of the 

E Pat © ae 
3.06- and 3,85-MeV levels of 0°, Neutron-gamma~-ray angular 
correlation measurements, combined with measurements of the life- 
times of the states, resulted in unambiguous spin assignments, 

P 17 

Some of the electronic apparatus used for the 0° work was developed 
by the author previous to the period of this thesis. The apparatus 
included a multiparameter pnulse-amplitude analyser developed by 
Robinson, McNaught and the author (A162, Al62a),. A pulse-shape 
analyser to distinguish neutrons from gamma rays detected in an 


organic scintillator was also used for the o*? work (A161). 
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Neither of these instruments is described in this thesis, 

The direct-timing and Doppler-shift methods of measuring 
nuclear lifetimes have been used in the work described in Chapters 
2 and 3. Since the measurement of nuclear lifetimes is a er 
tool of experimental nuclear physics, these methods are presented 
in Chapter 5, The methods are described with reference to the 
experiments done on a and a” to complement the rather brief 
descriptions of the techniques given in Chapters 2 and 3, In 

some other experimental methods used during the ituveccica- 
tions are described in Chapter 5. There is not much of an original 
nature in Chapter 5 except perhaps the demonstration of a fast 
particle-gamma-ray coincidence technique suitable for delayed- 
coincidence measurements in the nanosecond region, 

The Nuclear Research Center is well equipped for fast 
timing experiments with scintillation detectors through the work 
of Neilson et al (Ne59). Advantace was taken of the existing 


apparatus for the scintillation detector and its associated 


electronics. 
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CHAPTER 2 


THE 0,95~ AND 1.67-MeV STATES OF BORON-12 


- 


2.1 Introductory Remarks 

The close similarity of the excited statesof mirror nuclei 
has been established for some time. Also, for states with T = l, 
the correspondence of the ground state of the Ty = ] nucleus to 


the tT, = Q nucleus is well known. The isobaric correspondence for 


he excited states of the T. = 1 member with the T, = 0 nucleus has 
l 


Z 
14 14 
_ iN -~ 
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been verified experimentally, notably for the triplets C 0 


ee ee ee 


0 (Ta60). (It is not surprising that there are no 
cases where the correspondence, i.e. J and 1% as well as excitation 
energy, between the qT, = +1 members of a triplet has been seen 
experimentally, since the states are not easily excited.) The 

12 12 ; ; 
members B and C of the mass-12 triplet also present a suitable 

: ie Pee ©: % 
case to study since the excited states of C have been studied 
extensively, The states of interest in the comparison are at 

; c : pW , 
approximately 15 MeV in C ', but they are well separated. 

The states in the ty = *1 members of an isotopic spin 
triplet are not easily accessible to experimental investigation 
because of the scarcity of simple reactions to populate the states, 

‘ . ; 5 Sok de ; ; 

In the present investigation, the B (d,p)B reaction is used to 
; 12 , ; fe 
excite B', and measurements are made with two high efficiency 


spectrometers, the solid-state detector and the Nal(T1l) scintilla- 


tion counter. The measurement of the gamma-ray transitions in 
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coincidence with the protons from the B d,p)B reaction is used 
F — ee | 
for the study of the excited states of B'’, 
The maximum energy of the University of Alberta 2 MV Van 
de Graaff accelerator allowed the first two excited states to be 
populated and studied. Fisure 2,1 shows the low lying levels of 
B~ and the reaction transitions studied, 
The spin-parity assignments for the 0,95-MeV and 1,67- 
_ _s - ~ = ar 
MeV states are $3 andl or 2 respectively. The limits on the 


- 


assignments have come from a stripping theory analysis cf <he 
Ll, he - oo ae i =r, 
BB (d,p)B angular distribution measurements of Holt and Marsham 
(053). For the 0.95-MeV state, previous measurements of the 
‘ Te 
proton-gamma-ray angular correlation tend to favour J =] or 
7 es ; er + s 
2 with a mixture of Ml and E2 radiations or 3 with pure E2 
radiation (Go61). The angular distribution of 0.95-MeV gamma-rays 
F ; : - : ; Le + 
is anisotropic (Ko60, Go62, Wa63) ruling out J = 0 for the 
0.95-MeV level. 
, j ; T +. 
The ground-state spin and parity (J = 1 ) have been 
; bee : 
established from the beta decay to C (Ka58), and the ground state 


12 ar : P 
of B is in isobaric correspondence with the 15,11-MeV state of 


2 
ct? 


To gain more information on the first two excited states, 
the proton-gamma-ray angular correlations of the 0.95— and 1,67- 
MeV states have been observed at a bombarding energy of 1.5 MeV, 
The results of these measurements are consistent with the known 
properties of the states, but cannot give a unique spin assignment 


to either state, 
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FIGURE 2.1 


The Energy-Level Diagram of pit 


The levels studied in this investigation are indicated 
by heavy lines, The hat A 8 ae reaction and p-Yy coinci- 


dence measurements are used, 


10 


ie! 


The gamma-ray branching ratio of the 1,67-MeV state has 
been measured, A weak stop-over transition was observed to compete 
with the direct ground-state transition, 

Finally, an upper limit on the radiative lifetime of 


oid 


the 0,95<MeV stata was obtained by sirect observation of the time 


; il a2 
relation of the protons and gamma-rays from the B (d,py)B 


reaction, 


2.2 Experimental Apparatus and Procedure 


The targets consisted of thin self-supporting films of 


‘ 2 — ee 11 
approximately 20 pem/cem™ natural boron, which is about 80% BT, 


; 10 4 ; , - 

so reactions due to B were also observed. These targets were 
prepared by W.C. Olsen (0164) of this laboratory by electron 
bombardment techniques. 

- 16 we ; ; _ ; 

The 0 (d,p)0 reaction was used as a comparison for life- 
time estimates, Thin self-supporting targets of quartz (Si0.,) were 
prepared by blowing a bubble of quartz until it exploded. These 

a ‘ 

targets were approximately 200 pem/em thick and could also be used 
for beam alignment due to their fluorescence under bombardment, 

The gamma rays were detected in a 2 in, diam. by 2 in. 
long NaI(T1l) crystal which was unshielded except for a 1/4 in, 
slab of lead placed in front of the crystal to stop the high energy 

iz 

electrons from the beta decay of B”. The Nal crystal was replaced 
by a 2 in, by 2 in. plastic scintillator for the fast coincidence 


measurements, For most of the measurements, the front face of the 


detector was 10 cm from the target. 
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The charged particles from the reactions were detected 
in a Nuclear Diodes 300-ohm—cm surface barrier silicon detector 
collimated so that no particles entered the active area near the 
edges. A 10 pin, nickel foil in front of the detector prevented 
heavy ions from entering it, since a large coincidence rate was 
wk a ae 4 
observed from B (d,n)C without the foil in place, The electron- 


ics for the solid-state detector uses the technique of double- 


es) 


differentiation shaping and zero-cross-over detection to produce 
the timing signal from the same preamplifier used for linear 
amplification. This system is described in Chapter 4, The resolv- 
ing time for the p-Y coincidences using the NaI detector was set 
to approximately 5 ns, although a resolution of 2 ns could be 
obtained for single transitions. With the plastic scintillator, 
the resolution was about 1.2 ns as will be discussed later, 

Figure 2.2 shows an ungated charged=-particle spectrum 
et at a deuteron bombarding energy of 


from the natural boron tar 


g 
1,5 MeV, The dotted line is the charged-particle spectrum from the 


10 y . ; ee ‘ 
B™ + d reaction taken under identical conditions, using a self- 


supporting target of a, This spectrum has been normalized so 

; —_ <2 
that the intensities of the B _ groups for the two targets are 
roughly equal, The 1,6/7-MeV group is clearly resolved, whereas the 
0.95-MeV group is not entirely separated from the weaker 8,92-MeV 

10 rs . a ; ; 

group from the B (d,p)B °° reaction, The separation is, however, 
better at a bombarding energy of 1.7 MeV. It is seen that the 


group at approximately 1 MeV is mainly due to deuteron elastic 


‘ 16 ' . 2 : > 
scattering from 0 contamination on the target; C contamination 
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FIGURE 2.2 


The Ungated Charged-Particle Spectrum from the Deuteron 
Bombardment of Natural Boron at a Bombarding Energy 
or 1.3 Mev 
The particle detector subtends a half angle of 7.5° and 
is located at 130", The dotted curve is the spectrum from 
via + d under identical conditions. The unidentified peak at 
1.45 MeV may be elastic scattering from tantalun, which was 


the material used for the evaporation boat during target 


preparation. 
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was also present, 

The gamma-ray background due to reactions arising in the 
Faraday cup was minimized by lining it with clean platinum, while 
the radiation from the beam defining slits was reduced by placing 
approximately 3 in. of lead in the form of a right cylinder with a 
co-axial hole inside the beam vacuum tube, just after the slits, 
However, annihilation radiation was still observed after a period 
of bombardment due to carbon build-up presumably on the Farada 
cup and on the target, The build-up was observed on the target, 
since the proton groups to the ground state and the 3.09-MeV state 
from the casio = reaction were observed to change during the 
course of the experiment, For this reason the ungated particle 
spectrum was constantly monitored by a 256-channel pulse amplitude 
analyser (see Fig. 2.3). 

The general electronic block diagram for the measurements 
is shown in Fig. 2.3. The system was arranged so that any one of 
the particle spectrum, the gamma-ray spectrum, or the output of the 
time-to-amplitude converter could be analysed by a 1024-channel 
kicksorter operated in a four groups by 256-channel mode. The group 
selection was triggered by the outputs of two double-channel 
analysc-s designed by Goulding and McNaught (Go60) and built in 
this laboratory. In this way we approximated a two-parameter 
analyser that proved to be particularly useful in the branching- 
ratio measurements, 


Each experimental run usually consisted of taking the 


following measurements: 
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The Electronic Apparatus 
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1, The direct spectrum of both detectors was 


recorded previous to observing the coincidences, 


2. The single-channel analysers were then set 
up, and the portion of the spectrum in the "window" 


recorded, 


3. The coincidence spéctrum was reeorded for 
a given amount of charge collected on the Faraday 


cup and the target. A typical run would take about 


one hour at a beam current of 0.08 pA, 


4, Simultaneously with recording the coinci- 
dence spectrum, the direct spectrum of the solid- 
state particle detector was recorded as mentioned 
before, This procedure also checked that the resolu- 
tion of the particle detector was not deteriorating 
with irradiation or because of light leaks into the 


target chamber, 


5. Procedures 1 and 2 were repeated at the end 
of the coincidence run, and the stability of the 
system checked, In general the electronic stability 
was satisfactory, but as mentioned before we did 
observe a small build-up of foreign material on the 


target, 


2.3 Experimental Results 


A. Coincidence Spectra and the Branching Ratio of the 1.6/7-MeV State 


Figure 2.4 shows the gamma-ray spectrum in coincidence with 
the proton group to the 0,95-MeV state, taken at a bombarding energy 
of 1.5 MeV. The particle gate was shifted to the ground-state group 

12 13 . : 
from the C “(d,p)C reaction to obtain a measure of the random 


background, which is also plotted in Fig. 2.4, 
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FIGURE 2.4 


The Gamma-Ray Spectrum in Coincidence with the Proton 


Group Leading to the 0,95-MeV State 


The random background is estimated by measuring coinci- 
dences with the particle gate selecting the ground-state 


group from ee ayo: 
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Previous to this measurement, the transition from the 
1,67-MeV state to the 0,95-MeV state had not been observed. The 
primary evidence for the stop-over transition is shown in Fig. 2.5. 


. 


This gamma-ray spectrum was obtained by recording coincidences 
with the proton group leaving 2° in its 1,.67-MeV state. As can be 
seen from the figure, the 0.95- and 0.72-MeV full-energy peaks are 
present, and allow us to estimate the branching ratio. Analysis of 
the spectrum indicates that<l04 of the transitions stop~over at the 
0,95—-MeV level, 

To obtain a better determination of the relative intensities 
of the competing transitions, another experiment was carried out. 
A graphic description and the results of this measurement are shown 
in Fig, 2.6. On the right-hand side of the diagram is the direct 
gamma-ray spectrum, in which the prominent features are the 1,6/- 
and the 0,95-MeV peaks, Two channels of a double-channel analyser 
were set to select two adjacent regions of the spectrum, The 
lower gate (0.662+0,03 to 1,142 0.01 MeV) included the full-energy 
peaks of both the 0,72- and the 0.95-MeV gamma rays. The upper 
gate (1,1420.01 to 1.4840.01 MeV) was set to include only the 
Compton region of the 1,6/-MeV gamma ray, the width of the channels 
being adjusted so that the areas of the two regions would be 
approximately equal for a pure 1,6/7-MeV line shape as determined 
for our detector. 

The pulse~amplitude distributions shown on the left- 


hand side of Fig, 2.6 are the spectra of coincident charged 


particles obtained, The spectra were recorded in a 1024-channel 
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FIGURE 2,5 


The Gamma-Ray Spectrum, in Coincidence with the Proton 
Group leaving B in the 1,6/7-MeV State 
The intensity of the stop-over transition is less than 
approximately 10% of the ground state transition, The 
spectrum in the region of 1,3 MeV is too peaked to be accounted 
for by the Compton edge of the 1,6/-MeV gamma ray. The 
origin of the bulge just above the 1.67-MeV full-energy peak 


is also unknown, 
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FIGURE 2,6 
A Measurement of the Branching Ratio of the 1.6/-MeV 
State by Observing the Intensity of the Proton Groups 
in Coincidence with Appropriate Regions of the Gamma- 
Ray Spectrum 
The spectrum on the right is the direct gamma-ray 
spectrum, The coincident particle spectra on the left are 


20 


2.0 


24 


pulse-amplitude analyser operated in a four by 256 channel mode, 
the pulses from the double-channel analyser selecting the 
appropriate group of 256 channels as shown in Fig. 2.3. 

The spectrum at the bottom represents all coincidences 
not conditioned by either the upper or lower selections on the 
gamma-ray energy. This additional information has been used as 
a consistency check on the more useful data contained in the 
two other groups of channels. The number of events recorded in 
this "remainder" spectrum must be in the correct proportion as 
known from the line shapes for the scintillation counter, 

The peaks labelled mpl2 oa 67)" contain the measurement 
of the branching ratio. If the stop~over transition was zero 
intensity, then the two peaks would be equal in intensity since 
the rate in each gamma-ray gate was ideally equal for a pure 
1,67-MeV line. Thus the ratio of the intensities of the two 
proton groups gives a measure of the branching ratio. 

The value obtained from tlhesedata is that the branch 
to the 0,.95-MeV state is (6 43)% of the ground-state transition, 
This result represents the sum of five runs, each taken at a 
different angle of the gamma-ray detector, so that the branching- 
ratio determination is an average over any possible angular 
distribution. The value is in agreement with the shape of the 


gamma-ray spectrum of Fig. 2.5. 


B. Lifetime Estimate of the 0,.95-MeV State 


The spin of the first-excited state had not been determined, 
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but was known to be either 1, 2 , or 3. If the gamma-ray trans- 
ition had a lifetime long enough to be measured by direct timing, 
a * i | ; ne | * . ae 
then the radiation would be E2 and the spin assignment 3 would 
be favoured. During the course of this measurement, Chase and 
Warburton (Wa63) showed that,in fact,the lifetime was character- 
. . Peay | ae 
istic of a Ml transition ( Cc = 3,411x 10 sec). Our 
; ; To P mot AE) ; 
result, which gives an upper limit of 3 x 10 sec,. corroborates 
their determination by the Doppler-shift method, 
The performance in time resolution using a solid-state 
detector and a plastic scintillator was measured by observing 
ee F P TG: 2 5 17 ; : ! 
coincidences from the 0° (d,p)0 reaction to the first excited 
State at 0,871 MeV. A recent precision measurement (L063) of the 
er 17 fe a : ; 
lifetime of the 0° level is ie (0.263 £0,008) ns, making it a 
a 
ia. , ‘a Fal : Ae 
uitable comparison for the transition in B, It was found 
necessary to mount a 10 pin. Ni foil in front of the solid-state 
detector to prevent the observation of delayed neutron coincidences 
which presumably arise from high Q-value reactions, The effect 
LZ . 16 y LY 
was observed even for the clean conditions of the 0° (d,p)0 
reaction and was more pronounced when the gamma-ray detector was 
at forward angles, This may explain the apparent, long lifetime 
a a 7 17 
(0.43 40.02 ns) measured by Gale et al (Ga63) for the 0 level, 
- a AT pas F 
We did not attempt a precision measurement of the 0 lifetime 
since the apparent discrepancy had been resolved. However, our 
results agree with the value 0.26 ns. 


Fig. 2./A is the time spectrum obtained from the 
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FIGURE 2.7 


A. The Time Spectrum of the Gamma Rays from the whee CP Se 
Reaction using the Proton Group to the 0.95-MeV State 
for t = 0 


5 
Neutrons from age er tae followed by alpha-particle 


ee i2 
emission from C are also observed, 


B, An Expanded Plot of the Gamma-Ray Peak 


The curve is a normal distribution derived from data 


from the p Pra won! reaction to the 0.871-MeV State. 
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state, In addition to the gamma-ray peak, the spectrum shows two 

b ie.. Lak 12 Ly ee, ; 
neutron groups arising from B- (d,n)C’, the C disintegrating 
by ulpha-particle emission to produce a coincident charged 


‘ 


particle, It is difficult to eliminate the neutron coincidences 


4 1 


in this case, since the alpha=particle spectrum is a continuum 
under the proton group to the first excited state (see Fig. 2.2). 
Therefore, the front face of the plastic scintillator was moved 
to a distance sufficiently far from the target to resolve the 
neutrons, 

Fig. 2.7B shows an expanded plot of the gamma-ray peak. 
The curve through the points is a normal distribution derived 

ae i 17 ; 

from the parameters obtained from the 0 results. To obtain the 
change in the time resolution due to the different proton energies 


(2.1 MeV in the case of id to 1.35 MeV for _*), the variance of 


; ; , ; eee 
time due to the particle detector is assumed to vary as . ; 2 
result verified by other tests on the system and discussed in 


Chapter 4, Thus the gamma-ray peak is "prompt" for our instrument, 


an upper limit on the lifetime being 0.3 ns. 


C. Proton-Gamma-Ray Ancular Correlations 

The p-~y angular correlation of the 0,95-MeV state was 
measured at a bombarding energy of 1.5 MeV. To obtain a measure- 
ment with good selectivity, the gamma-ray spectrum was gated by 
energy selection on the proton group with the particle detector at 
90°, | measurement at more forward angles was considered unreli- 


able because of interference due to proton groups from the 
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aed CES ba reaction together with the increased intensity of 
Coulomb scattering. The correlation angle, Ou% was in the plane 
defined by the beam and the particle detector. 

The pulse-amplitude distribution shown previously in 
Fig. 2.4 is a typical coincidence spectrum of the 0,95-MeV gamma- 
ray observed during the correlation measurement, The background 
for these runs was obtained by setting the particle gate on the 
ground-state group of protons from the eae reaction, 
leaving all other conditions the same. As can be seen from the 
diagram, the "background" due to random coincidences is small 
compared to the signal from the oA(ene reaction. The actual 
background was obtained from these "background" runs by using them 
to determine a shape factor for use with the actual counts occurr- 
ing above the 0.95-MeV peak in energy (channels 55 to 70). Only 
the integrated counts in the full-energy peak of the 0.95-MeV 
gamma-ray were used as a measure of the relative intensity. The 
results of the correlation measurement are shown in Fig. 2.8. The 
data points have been corrected for the background as described 
above, but corrections for the finite solid angles of the detectors 
and forthe anisotropy of the measuring apparatus have not been 
included. The anisotropy datawere obtained by measuring the relative 
intensity of the 1,33-MeV gamma ray from a point source of Goo 
placed at the target position, and is a trivial correction for 


eld. At a” absorption in the Faraday cup reduced the 


intensity by 302, 
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FIGURE 2,8 


The p- ¥ Angular Correlation of the 0.95—-MeV State 


The errors include only statistical errors due to the 
finite number of counts in the full-energy peak and the back- 
ground under it (e.g. see Fig. 2.4). Conditions of measure- 
ment are: 

ES Led MeV; “= 90°, 4£aG s 5. distance from the 
target to the front face of Nal crystal = 10 cm, target 
thickness = 20 pem/em*, and beam spot size = 2 mm x 2 mn, 
The relative intensity = (rate of coincident Y-rays) + 
(the rate of ungated protons from B*(dyp.)BY)« The 
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As can be seen, the correlation does not yield any 
measurable parameters since it is isotropic within the experimental 
errors, A discussion of the implications of an isotropic correla- 
tion is left to the last section, The result at Op = 90° suggested 
that the interpretation of p-y correlations would be uncertain, 
making this method of investigation unsuitable for our purposes, 

Since the stripped-in neutron to the 1.6/=-MeV state has 
fe = 0, a p- ¥ angular correlations measurement of this state 
would not be fruitful since it should be isotropic, However, p-Y¥ 
correlation datawere obtained as a by-product from the measurements 
of the branching ratio of the 1,6/-MeV state, The intensity of 
the coincident protons was observed as the angle of the gamma-ray 
detector was rotated in the reaction plane (see Fig. 2.6) Since the 
energy selection on the gamma-ray spectrum was not restricted to 
the full-energy peak of the 1,67-MeV gamma-ray, scattering effects 
with an unknown angular dependence may be present. However,the 
results of this measurement, shown in Fig. 2.9, indicate that the 


correlation is isotropic as anticipated. 


2.4 Summary of Results 
The gamma-ray branching ratio of (623)% is consistent 
with the single-particle estimates (~ 8%) for competing El transi- 
tions. A recent experiment by Carlson and Norbeck (Ca63) using the 
A Ere 12 ; 7 ; 
Li (Li ,d)B™” reaction and multiparameter analysis techniques gave 


a smaller branching ratio limit of < 22, 
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FIGURE 2.9 


The p- y_ Angular Correlation of the 1.67-MeV State 


See the caption of Fig. 2.8 for other details. The 
relative intensity was measured by observing coincident 


protons to the 1,6/7-MeV state, 


—— 5 
| ‘ a 
ITATS. VEM-TS. \MOMBISPROD X= 9 
SBIR. Be 
ple ; 


7 


J» a we <= 
a h ty a 
‘> c 
5, ins ye 
-_ 


$3598 Tals 

/ oO" la 

odt veltsazh sortse ged S48 Vake 

Jsebtsiics nalviesds ye SaeHees 
: : : ' Ss Sor ery y a 


29 


The limit on the lifetime estimate of the 0,95-MeV state 
2 wa 2 It \ 2 11 77 - 7 . 4 
yields |M(E2) | > 2.3 or |M(M1) | > 70 Weisskopf units, and 
does not allow a conclusion as to the type of radiation, since E2 
transitions are typically enhanced by a factor of five in light 
nuclei (Wi57),.sHowever, the measurement of Warburton and Chase 
’ = wr 2 #1 1 Pet - | x60 ° e 
yields | M(QM1) | = 1 = id W.U., a typical value for Ml transitions 
in lp-shell nuclei (Wi60), 
The p- Y angular correlations for the 0.95— and 1.67- 
MeV states are isotropic within the accuracy of the experiments, 
The correlations were measured at 1.5 MeV bombarding energy and the 


protons were detected at 90 , 


2.5 Discussion 
In this discussion an attempt will be made to review 
the experimental data concerning the excited states of BU, 
The evidence available on the angular correlation and the 
ev.gular distribution of the 0,95-MeV gamma-ray is no less than 
confusing, Thc immediate concern is to decide whether the angular 


correlation reported here is consistent with the published data, 


Table 2.1 summarizes the angular correlation results from measure- 
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ments using the B  (d,p)5”” reaction. 


f- 
.e2e * 


> 


_ 
7 


7 


oe 
7 


a cee 


: 


C 

| 
. 
's 
t 
a 
E) 
& 
c 

4 
ci 
ei 


p- Y Correlation Ang, Distribution Ea Cp Reference 
Ciev) 
= fe) 
1+(0,35 £0.07)P, Jea 20 Go61 
7 : 1 
Anisotropic (1) 0.8 - Ko60 
; ». he) 
Anisotropic Za = Go62 
7 - 2 
1-(0,0352 0.01)P, ‘ ) 0.8 - Wa63 
Isotropic 1.5 90 Present 
Work 
- re rs , ; . Oo 
Notes: (1) ‘the distribution is not symmetric about 90, and 


the anisotropy is large but numerical results 


are not given. 
(2) No numerical results given, 


(3) This result is in marked disagreement with 
(Ko60) although measured under identical 


conditions, 


TABLE 2.1 


All the investigations concerned with the angular distribu- 
tion of the 0,95-MeV gamma ray agree thrt it is anisotropic, but the 


only numerical data show that the anisotropy is small, An angular 
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distribution measurement was attempted in the present investigation, 


but analysis of the data was considered unreliable because of 


r 


; ; = ,L6 17 : : 
oxygen contemination on the target, The 0 (d,p y)0 reaction is 


prolific in producing 0.8/7~MeV gamma radiation which was unresolved 
from the 0.95-MeV peak in the direct spectrum from our target. 


a 


As remarked in the introduction to this chapter, the angular 
distribution data has been used to rule out J = O as a possible spin 
assignment, 

The p~Y angular correlation reported here is different 
from that reported in reference (Go61)., However, the interpretation 
is highly controversial since the details of the reaction process 
May be responsible for the observed correlations, The theory of 
Huby et al (Hu58) predicts that distortion effects tend to reduce 
the anisotropy measured in the reaction plane from that derived 
assuming a plane wave theory. From this point of view, the present 


correlation work was not done under the best conditions of 


bombard= 
ing energy and proton-detector angle, 

The interpretation of the angular correlation would require 
a knowledge of the reaction mechanism, However, if the plane-wave 
theory of stripping holds in this reaction, then the correlation is 
interpretable by assuming an (n, y) process in which the angular 
momentum of the captured neutron is known, This simplified inter- 
pretation will give a basis for discussion, 

The angular distributions of the protons from the reaction 


5 
eet MeN ae are consistent with | & = 1, 1 and O for the ground, 


first and second excited states respectively (Go61). Consider the 
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p- Y angular correlation of the 0.95-MeV state and assume the 
(d,p Y) reaction can be represented as an (n, Y) process, With 
this assumption the correlation angle, O, is measured from the 


nuclear recoil axis and the theoretical angular correlation is 
W(@) = 1+ 0.343P. (cos 0) ee 


foro = 3/2 Fw ly Te S, Le 2 and J i, If 3l.= 2 16 
fe) n r i 


7 £ 


assumed, then Ly = 1 and 2are allowed as well as two possibilities 


for the channel spin. The angular correlation then becomes 


W(@) = 1-0,35P, - 5 1.56P, + Se (140.25, } 


2 
(242) 


+t {140.357 + 6 1,56P, + $? (1-0.25r,)} 


2 


where: § = the quadrupole to dipole amplitude ratio. The 
sign of $ differs from that used by Sharp, Kennedy, 
Sears and Hoyle (Sh54). 


t = the channel spin mixing ratio, i.e. the intensity 


for S = 2 divided by the intensity for S = 1, 


The third possibility for J, is 1, which gives the theoretical 


i 
angular correlation 


WCQ) = 1-0.25P, + 1.56P, + 5 *(1-0,25)P, 


ys 
(243) 


“ 0.308P, + 57 140,05,)} 


+e { 140.05P, 


Wilkinson (Wi61) has suggested that (d,p) and (d,n) 


reactions should show nearly Butler stripping patterns at low 
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deuteron energies if the Q-value is low. Since the Q-value for 
the 0.95-MeV state is 0.195 MeV and the bombarding energy was 

1.5 MeV the above conditions are satisfied, and the (n,Y) assump- 
tion may be a reasonable one. However, other theoretical calcula- 
tions by Gibbs and Tobocman (Gi60) do not support this, 

A recent paper by Robson and Weigold (R063) shows that 
the observed angular distribution of the ground-state protons from 
the B the reaction can be explained only by distorted-wave 
analysis, provided a strong spin-orbit force is included in the 
potential, The work was done at low bombarding energies (Evil MeV). 
The proton group to the first excited state could not be studied 
thoroughly (as in the present investigation) because of inter- 
ference from other reactions. The limited experimental results for 
the 0,95-MeV state cannot distinguish between a plane-wave fit 
and a distorted-wave analysis. 

If a strong spin-orbit interaction is present, as implied 
above, then the p- Y correlation is affected since the channel spin 
mixing ratio, t, in equations (2.2) and (2.3) depends on the coup- 
ling scheme. If we again resort to the simple (n, y) model and 
assume j-j coupling (as implied by the spin-orbit force), the 
theoretical correlation is isotropic for a= Zz and pure Ml gamma 
radiation, In other words, in formula (2.2), t is equal to 
unity if j-j coupling is assumed, Thus,the observed angular 
correlation is not inconsistent with the observed lifetime and 
the strong Res force assumed in the stripping analysis. However, 


it is doubtful that any significance can be attached to this. 
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From their measurement of the lifetime of the 0.95—MeV 
state, Warburton and Chase (Wa63) have been able to deduce an 
upper limit on the gamma-ray quadrupole-to-dipole amplitude ratio, 
They estimate S* <0,02, They were then able to use the p-y 
correlation observed at E. = 5.5 MeV (see Table 2.1) to show that 
J = 1 is an unlikely assignment, This approach to interpretation 
is given with additional details, below. 

an oe al is assumed for the spin of the first 
excited state, then equation (2.3) holds if plane wave theory is 


used to interpret the correlation. Knowing 5*<0,02, but not 


knowing the sign of 8, two limits for W(@) are obtained: 


[if 6 40,14 


W(@) = 1-0.043P,, ~ t (1+0,008P.,) 


ae 0 =a =, 1h 


WCQ) = 1-0.463P, + t (1+0,092P.,) 


2 


Therefore the coefficient of P, (cos @), Ans can be calculated as 

a function of t for the two limits of &. A graph of this relation 

is shown in Fig. 2.10. The line for S= O is also shown, It is 

seen that the value of A, obtained by Gorodetzky et al does not 

overlap with the prediction for any value of t, since only the 

region bounded by the two limiting loci is acceptable for S7< 0,02, 
Similarly, if J = 2 is assumed, the angular correlation 


(2.2) has the limiting values 


W(Q) = 1-0.55P,, + t(1+0.55P,,) 
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FIGURE 2,10 


Summary of the Angular Correlation Results on 


the 0.95-MeV_ State 


The value of Ay is plotted as a function of the 


channel spin mixing ratio, ©. 


Z < 0.02 are shown. Experimental results are also 


plotted: 
a) Ay = +0,3520.0/ 
b) Ay = -0,03520.01 


G2 Isotropic 


The limits imposed by 


(Go61) 
(Wa63); Ang. Distr. 


(Present work) 
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for ro) = +0.14 and -0.14 respectively. 


It is seen from the second graph in Fig. 2.10 that the 
allowed positive values of Ay are sufficiently large to overlap 
with the measured value, +0,35+70,07. 

The result from the present investigation of the p-y 
correlation is also plotted in Fig. 2.10,along with the Ay 
coefficient measured by Warburton & Chase for the angular distri- 
bution. Although these two measurements cannot distinguish 
between J = 1 and J = 2, they do overlap the allowed values. 

The question arises as to whether the fact that the angular 
distribution has a negative value for A, is consistent with the 
positive value from the p-y correlation, within the framework 
of this simplified interpretation, 

In the tal Ce te reaction, the recoil axis is always 
in the forward direction. Thus the symmetry axis for the p-yY 
correlation is always £90", Therefore, if the angular distribu- 
tion is assumed to be a weighted average of the p-Y correlation, 
the sign of the anisotropy cannot change, If the measurement at 
high energies is taken as being close to the plane-wave limit, then 
A, should remain positive since distortion effects can only reduce 
the anisotropy. Thus the two measurements are inconsistent for 


the interpretation given. It would seem necessary to use a more 


general theory to explain the experimental data. 
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Hitom’ Bie. 2/1, the limit. on * ana A, = 0.35 +0,07 
restricts t 2 3. As mentioned before, pure j-j coupling predicts 
t= 1. In the theoretical review by Macfarlane and French (Ma60), 
it is pointed out that the reduced width obtained from the 
e* (a a8 stripping reaction is consistent with j-j coupling. 
They also point out that the absolute reduced width, however, is 
smaller than expected by a factor of about two. The nucleon 
width for the 16,10-MeV level in e corresponds to that for the 
0.95-MeV state in 6 "ae0),, The 16,10 MeV level has T = l, 


-- 
jy” = 2" and is believed to be the isobaric analogue corresponding 


to the 0,.95-MeV state in a 

In conclusion, the spin assignment J = 2 is favoured for 
the 0,95-MeV state, But this assignment has been made by the 
elimination of other spin possibilities. Ruling out J = 0 by 
using the anisotropy argument of the angular distribution of the 
gamma rays does not have to be invoked, The probability of 
A= 1 neutron capture to a state with J = 0 is very small (Aj59), 
and both the 0.95-MeV state and the ground state show oss = 1 
capture for the (d,p) reaction. The assignment J = 3 is ruled 
out by the lifetime measurement, Finally, the choice between J = 
or J = 2 is made by assuming (1) the (d,p y) reaction can be 
described as an (n,y) reaction when the bombarding energy is high 
(5.5 MeV) and the protons are observed on the stripping peak, and 
(2) ie € 0.02, as estimated from the lifetime and E2 sum rules 
(Wa63). 


The branching ratio of the 1.67-MeV state does not 
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the 1,6/-MeV state, since the assignment J’ = 2 is favoured for 


the 0,.95-MeV state, 
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CHAPTER 3 
THE 3,06- AND 3. ~~ ‘eV STATES OF OXYGEN-17 


3.1 Introductory Remarks 

In Chapter 1 the importance of the single-particle nature 
of the low lying positive parity levels of pnt was briefly mentioned, 
Studies of deuteron induced stripping and pick-up reactions (Ke6l, 
Ar61) leading to excited states of an! have been successful in 
identifying the single-particle states by their spins, parities and 
large reduced widths, However, the negative parity states at 3,06- 
and 3,85-MeV presented difficulties in interpretation, 

Since the 3,85=-MeV level is a negative parity state, the 
interpretation in terms of a single-particle picture is that this 
state is a 1f7/2 neutron coupled to the doubly magic ot core, 
Similarly the 3,06-MeV level could be interpreted as a 2pl/2 or p 
3/2 neutron state. While these levels do exhibit stripping patterns 
that allow assignments to the parity and ae the reduced widths 
relative to the reduced widths of the positive parity ground state 
are small, 

Theoretical considerations (Ma60) indicated that the 
(1/2 ) state at 3.06-MeV is due to excitation of core particles and 
the 3,85-MeV state is probably an f7/2 state if the spin 7/2 is 
assumed, 

The experimental spin assignments from the stripping data 
Mate sdceweeyeiued to (1/2, 3/2) ad (5/2, 7/2 ) for the 3.06 


and 3,85-MeV levels respectively, since angular distribution 
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patterns were characteristic of AL = 1 and 3 respectively, (Ke6l, 
Ar61). The 3.86-MeV level in the mirror nucleus, pt was believed 
to have J = 7/2 from elastic scattering measurements using the 

16 16 : ' = 
0 (p,p)O0” reaction (La51), supporting the 7/2 assignment for 

Li ; ; Le 
O° . However, the assignment in F can be considered inconclusive 
due to the narrow width of the state (Ha62). The J = 1/2 spin 
assignment for the 3,06- MeV level is supported, since the analogue 

; a2 , ~ 

state at 3.10 MeV in F has spin 1/2 from the elastic scattering 
data. 

To obtain more information on the 3.06- and 3,85-MeV 

Lz ve iv oe 

states of 0 , a study has been made by exciting 0 with the 

14 17 , ; , 
C.°¢€OQ.,n)0 reaction and measuring the n-Y angular correlations. 
Using the same reaction, the Doppler shift attenuation factors for 
the 3.85- and 2,19-MeV gamma-rays from the 3.85- and 3.06-MeV 
levels respectively were measured to obtain estimates of the 
nuclear lifetimes, 

Litherland, Ferguson and McCallum (Li6é0, Li6é1) have shown 
theoretically and experimentally demonstrated that the interpretation 
of particle- Y-ray angular correlations can be greatly simplified if 
suitable restrictions can be imposed on the geometry and the reaction 
populating the states, This type of triple angular correlation 
measurement has been used in the present investigation to obtain 
unique assignments for the spins of the two levels under study, It 
would be beyond the scope of this thesis to discuss in a general 
way the theory of triple angular correlations. However, for the 


interpretation of the experimental results, the following plausibility 
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argument will suffice. 

By using an axially symmetric detector to observe the 

, , fe) Oo 
particles emerging at O (or 180°), a selection of aligned nuclear 
states is obtained, The population of the magnetic substates is 
restricted by the spins of the bombarding and emerging particles 
14 17 : 
and the target nucleus, In the C’ (@,n)0 °° reaction, only the 
m= + 1/2 magnetic substates of the levels of the residual nucleus 
are selected by observing the neutrons with an infinitely small 
fe) 18 
detector at 0. In other words, the compound states of 0 are 
formed with zero component of angular momentum along the beam 
axis since the entrance channel-spin is zero, Therefore, the 
projection of the total angular momentum of the neutrons emerging 
— 
along the same axis is +1/2, since ee is perpendicular to the 
‘ ; 17 

momentum vector. Thus the residual states in 0 , formed by the 
emission of these particular neutrons, have an angular momentum 
projection of + 1/2 on the beam axis, If s-wave neutrons are 
emitted, then the states are aligned independently of the direction 
in which the neutrons emerge, and observation of the neutrons 
becomes unnecessary. 

The angular dependence of the intensity of the coincident 
Y-rays, measured in a plane containing the beam axis, can now be 
described by two unquantized quantities, viz. the population, 
P(1/2) = P(-1/2), of the m = 11/2 substates and the multipole 


mixing ratio, $ , of the emitted Y-rays, and the quantized observ- 


ables of interest, viz. Jas Jas etc. 
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The angular correlation in.a plane at right angles to the 
beam axis is isotropic since the probability of emission of a ¥ ray 
in a given direction depends on the orientation of the spin of the 
nuclear state with respect to the direction of emission of the 
Y-ray. Clearly, cylindrical symmetry is present for a geometry 
with a point neutron detector at 0° or 180°, 

The above brief description of the triple angular correla- 
tion experiment has been specialized to our particular needs for the 
sake of simplicity. A full description of the method can be found 
in the papers by Litherland et al (Li60, 61). The effect of the 
finite solid angle of an actual neutron detector has been discussed 
in (Li6é0) and more generally in (Li63). The effect of the finite 
solid angle of the detector is to add contributions to the angular 
correlation from higher magnetic substates, 

Experimentally, the correlation is measured in a plane 
containing the beam axis to obtain the nuclear information. An 
isotropic correlation is enforced in the plane perpendicular to 
the beam axis by using a neutron detector with cylindrical symmetry. 
The effect of its finite size and other imperfections is estimated 
by studying the correlations as a function of the solid angle. 

Although the experimental problems of using a neutron 
detector at 180° require special consideration, the problems of 
using the detector at 0° are less extreme, In this investigation, 

a small cylindrical stilbene detector was used close to the target 
and at 0°, Gamma rays observed at this angle had to pass through 


the neutron detector to reach the )Y-ray detector. A Nal(T1) 
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gamma-ray spectrometer was used to identify the desired transitions 
; 14 i? ; 
induced by the C (Q,n y)0 reaction, 

The Doppler-shift method of measuring nuclear lifetimes 


is discussed in Chapter 5 with reference to this experiment. 


3.2 Experimental Apparatus and Procedures 

The Chalk River tandem Van de Graaff was used to provide 
approximately 0.4 “A of 7.1- to 8.6—-MeV Hes ions, The target 
consisted of a o enriched (~ 25%) carbon layer on a tantalum 
backing thick enough to stop the bombarding beam, 

The neutrons were detected in a 1 1/2 in. long by 1 in. 
diam, stilbene crystal mounted with its cylindrical axis at 0° to 
the beam, To obtain optical coupling to a Dumont 6292 photomulti- 
plier in an arrangement that left a minimum amount of material at 
"he the stilbene was placed in a cylindrical aluminium container 
such that the crystal's axis was at right angles to the container's 
axis. Optical coupling was then made by filling the container with 
silicone fluid and inserting the photomultiplier into the container 
to bring the photocathode into contact with the fluid, Then, the 
whole assembly was mounted rigidly to the target chamber with the 
offending photomultiplier at right angles to the beam, but the crystal 
axis lined up with the beam axis. The gamma-ray counter was a 5 in. 
diam, by 6 in. long NaI(Tl) crystal mounted on the arm of an angular 
correlation facility capable of locating the crystal at (2 ,6,P) 
in an orientation with the crystal axis pointing at the target 
(origin of the coordinates x, &, and ~). Intensity measurements 


at each angle were monitored by a second NaI(Tl) crystal in a fixed 


position, 


testers aides fet oft 62 Bates peli: if 
7% 


ete (poses (hatteap «it tio oo Paap Sete | 

aetiaer TOce a 2) 

ania set £f viet! ssa {aisoaee Ae behte g 
ineritvves aids 5 “opelelieg tale © teggad 

. Se ee 


Fl 7 2 q 


02 hae ope SSeee Sy oP ere savin 4fedD oft 

inz att- ,aned) | “<i ee a “t,t % Aan ba % 
sfaiet? ¢ om ture Gene oe Sedatiae © Ea 
A ae saitsadind siz = o3 seine 

[v7 werd cod SVU & 2 Sedonees areas enna 

3 0 3 elas jeotetbatlve ask Gpkv besnune faseennl a 4 
muro 6 okd rend » ot Gabon daptage an 


jn tcp itoI3se 20: Savors union ao “Shwl teny 


wwhlS3PaS Msi arryiniive a T Pagan: 3 


iid 4h) sjaus aha anifii) i aah gi hamid > 
= (aan Os 5 sottéStansute wis ae 


wail ,okol) sit 2ebv tances ates 


ty Wahu «sens ogame. a? oF Nine ae 


Laren Coe ne it woe 
Lt a Ce ee oan aes. 4 ey) “we 
i, BHO ie Tereres sit untaaoet 6 aie nae is | 

Sogtns wits 20 ich ae : oie 
saiiiisahielaia gibéessal te 

"Sgn w ib hairs tis Sas i 


A eae a 


44 


The electronic apparatus consisted of a modified fast- 
slow coincidence system in which one fast channel of electronics 
serves both Y=ray detectors, Then, one time-to-amplitude converter 
is used to measure the time relations between the signal from the 
stilbene neutron detector and both Y-ray detectors. By inserting 
equalizing delays, one fast coincidence signal is obtained that 
involves a single resolving time (27 ~30ns) for both the measuring 
and monitoring channels. At first sight, this arrangement may appear 
to increase the random coincidence rate, but it is no worse than 
normal operation using a multi-parameter kicksorter for analysis 
of the slow linear signals gated by the fast coincidence requirement. 

The pulse~amplitude analysis of the signals from the 
detectors involved the following: 


(1) The pulses from the two Y-ray detectors were 
analysed in two separate 100-channel kicksorters having 
digital pulse-amplitude stabilizers (La6l1). These 
instruments apply a correction voltage to the photo- 
multiplier to stabilize the gain of the system, The 
correction is obtained from digital comparators after 
pulse-amplitude conversion so that a reference peak 
in a spectrum can be maintained in a specified group 


of channels. 


(2) Another 100-channel analyser monitored the 
output of the time-to-amplitude converter, and dis- 
played the time relation of the events detected by 


the counters. 


(3) The pulse-amplitude distributions from all 
three detectors were analysed simultaneously in a 900- 
channel multi-parameter analyser to produce nine 100- 


channel coincidence spectra (A162). One group of 100 
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channels contains a spectrum of the pulses from the 
stilbene neutron counter in time coincidence with all 
Y-rays detected in both NaI counters. Four digital 
single-channel analysers were set on this distribution 
to select four portions ("windows") of the spectrum. 
Each window on the neutron spectrum imposes a further 
selection that produces four Y-ray spectra from the 
5 in. by 6 in. Nal detector and four spectra from the 
fixed monitor. These eight spectra each have 100 
channels of resolution, 
The ungated gamma-ray spectrum observed when bombarding the 
4 . F : , 
c -enriched target with 8,05-MeV alpha particles is shown in Fig.3.l. 
This complex spectrum is mainly composed of 4,43-MeV radiation from 
be ee ; ‘ 
the O' (QO, jc reaction and the gamma-rays of interest from the 
14 17 ; ; 
CC’ (€Q@,n)0” reaction to the 3,85- and 3,06- MeV states, Subtraction 
of contributions from the 4,43-MeV Y-ray (shown as a broken line in 
Fig. 3.1) reveals the 3,85-MeV full-energy peak, The full-energy 
peak of the gamma ray from the 3,060.87 transition is also present. 
The n-Y correlations and the Doppler shift measurements’ of the 
3.85-MeV level were made at a bombarding energy of 8.05 MeV. At 
this energy the ratio of the 3,85-MeV to the 4,43-MeV y-ray intensity 
proved to be optimum for coincidence measurements, 
The measurements on the 3,06-MeV level were made at a 
pombarding energy of 7.2 MeV, which is below the threshold for the 
reaction to the 3,85-MeV level. A measurement of the yield of the 


3,.85-MeV radiation was consistent with the threshold of 7.29 MeV for 


the cM Ce nyo! reaction to the 3,85-MeV state. 
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FIGURE 3.1 


The direct Y-ray spectrum obtained in the 3 ii, 
diam, by 6 in, long Nal(T1l) detector when bombarding 
the ee” capicned target with 8,05-MeV alpha particles, 
The spectrum shows (1) 4.43-MeV radiation from 
chm, atc? (2) 3,85-MEV radiation from the 3.85- 
MeV level of ot? and (3) 2.19-MeV radiation from the 
3,06-MeV level of oe? The broken curve shows the 
line shape of the 4.43-MeV )Y-ray in the region of the 
first escape peak, The presence of the 3.85-MeV full- 


energy peak is apparent when the counts from the 4,43- 


MeV Y-ray are subtracted. 
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The lack of pronounced structure in the direct gamma- 
ray spectrum in the region between 2.3 to 3,2 MeV (see Fig. 3.1) 
proved fortunate for the Doppler shift runs. For these measurements, 
a RdTh source was attached to the container of the gamma-ray detector 
to insert a prominent reference peak in the flat region of the 
spectrum, The gain of the system was then stabilized on the 2,62- 
MeV peak from the source, 

The presence of the 4.43-MeV radiation, however, proved 
troublesome in the n-yY correlation work. It contributed the major 
part of the background under the 3,85-MeV full-energy peak, This 
background arose from true coincidences due to the Y-rays scatter- 
ing between the stilbene and NaI crystals, The elimination of these 
coincidences by pulse=shape discrimination in the stilbene detector 
was impractical because of the low energy of the neutrons, i.e. the 
statistical uncertainty in the shape of the pulses makes discrimina- 
tion with good efficiency a difficult task. By measuring the coinci- 
dence spectra at all angles from the ota ale reaction using 
an elemental carbon target under identical conditions as the 
ety Goajo” correlation measurement, the spectral shape and intensity 
of the scattered radiation relative to the direct intensity of the 
4,43-MeV radiation was determined, These data were normalized to the 
ungated yield of 4.43-MeV radiation from the ca target giving the 
intensity correction to be subtracted from the n-y coincidence 
spectra. The largest correction, of course, is at 0° where the 


Y -ray detector is "shadowed" by the stilbene crystal, 
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A correction factor for the anisotropic absorption of 
Y-rays was obtained by measuring the angular distribution of 
; 14 rad eo ; ‘ ; 
2.31-MeV Y-rays from the C’ (p,n Y)N reaction with the stilbene 


detector in place, 


3.3 Experimental Results 

Figure 3.2 shows a coincidence gamma-ray spectrum taken 
at a bombarding energy of 8.05 MeV. The 3,85-MeV gamma-ray is 
clearly observed as well as the weaker 2,19-MeV full-energy peak, 
The background from degraded 4,43-MeV gamma-rays is apparent just 
above the 3,85-MeV full-energy peak. 

Figure 3,3 is a coincidence spectrum observed at 7,2 
MeV bombarding energy where the 2,19- and 0.87-MeV gamma rays 
are observed without exciting the 3,85-MeV level, Pulse-shape 
discrimination in the stilbene detector was used to reduce unwanted 
Y-Y coincidences, 

A schematic drawing of the detector geometry used for 
measurements of the angular correlations and distributions is shown 
at the top of Fig. 3.4. The graph shows the angular distribution 
of direct 3,.85-MeV gamma-rays observed at 7./ MeV bombarding energy. 

The n-Y correlations for the 3,85-MeV level were obtained 
for two distances of the neutron detector (see Fig. 3.4). The 
intensity of the full-energy peak, i.e. the area under the peak, 
was normalized to the intensity in the corresponding peak in the 
monitor detector after corrections for the background and the 
scattering effect had been made, The anisotropy correction from 


ei nyu? data was then applied at each angle to give the 
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FIGURE 3.2 


An n- Y coincidence spectrum taken for 8,05-MeV 


incident on a ci enriched target. The gamma 
rays from the 3,846-and 3,058-MeV states of a are 


He 
evident in this spectrum taken with the neutron 

° fo) 
detector at 0 and the gamma-ray detector at 90°. 
The background just above the 3.85-MeV peak is due 


to 4.43 MeV radiation from the aoe ie 


reaction, 
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The spectrum shows the gamma radiation in coinci- 
dence with neutrons from ct (on y)or! at 7,2 MeV 
bombarding energy. The 2,19-and 0.8/7-MeV gamma rays 
are seen from the decay of the 3,06-MeV level through 
cne 0,87-MeV level of Cae Unwanted Y-Y coincidences 
have been reduced by pulse-shape analysis of the pulses 


from the stilbene crystal. 
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FIGURE 3.4 


The geometry of the detectors used for the investi- 
gation of n-Y coincidences and for the measurement of 


angular correlations and distributions is shown at the 


top of the figure, The graph is a measurement of the direct 


angular distribution of 3,85-MeV radiation observed at 
Eq = 8,05 MeV. The stilbene detector was removed for this 


In the figure, L, = 4.5 or 7.0 cm and Ly = 15 cm, 


measurement, ”) 


='jesyrit adi tot dees ez Seas 
te sagusmyeaha sila x0?) one thi 
ee oo oworte of seagate sath 4 


wtb 84 jo! ssi on 5 eh de 
rN ta on 
i 


a. mioedy c ere sth nt 


_ 1 —s 
at Me cio ‘bos - pak a: aon . 


final values for the relative intensity. One of the correlations 
is shown in Fig. 3.5. The results of all n-Y correlations and 


the angular distribution for the 3,85-MeV state are summarized in 


Table 3.1. 
E (MeV) Pp L, (cm) L, Cem) Ay A, 
8.05 0 4.5 iS +0,3040.03 
8.05 90 4.5 i)  +0,3470,03 
n- ¥ 
8.05 0 7.0 iS +0.4220.06 +0,1320,0/ 
8.05 90 7.0 15 +0.44*0.03 +0.1120.,04 
8.05 0 ) Be +U,39°0.03 
Y 
470 0 i) +0.,3720.01 
Notes l. Ly = the distance from the target to the 
front face of the NaI detector. 
ae L, = the distance from the target to the 


front face of the stilbene detector, 
cm Ay and A, are the coefficients of P., (cos 0) 
and P (cos &) after correction for 
the finite solid angle of the Nal 
detector using the correction factors 


of Twin and Wilmott (Tw62). 


Least Square Analysis of the Correlation Data 


TABLE 3.1 
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FIGURE. 345 
An n-Y Angular Correlation 


The datawere obtained with an axially symmetric 
Oo : 
neutron detector at 0 to the 8,05-MeV alpha-particle 


beam. The data points have been corrected for aniso- 


tropic absorption and for the scattering effects as dis- 


cussed in the text. The diagram illustrates the measure- 
ments over the edges of an octant of a sphere centered 


on the ca target. p= 0° defines a horizontal plane 


containing the beam. 
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It is seen that the angular distribution and the n-y 
correlation for the 3,85-MeV state are nearly the same, This 
implies that the emitted neutrons are s-wave, Therefore, the 
predicted n-yY correlation is independent of the direction of the 
neutrons and the angular correlation and distribution are the 
same function, Assuming all correlations are the same, the average 
value of A, from all measurements is +0.4040.03, The individual 
correlations are not sufficiently accurate to give a reliable value 
for Ars in view of the corrections for the scattering of 4.43 
MeV radiation,* 

The n-yY correlation of the 2.19=MeV gamma ray from the 
3,06-MeV state was isotropic. 

An example of the data obtained in the measurement of the 
Doppler shifts is shown in Fig. 3.6. These spectra for the 3,85- 
MeV radiation were taken alternately at Q 135° and 45° as shown 
in Fig. 3.6A. To check the consistency of the measurement, this 
procedure was repeated, The shift in the energy of the gamma ray 


was obtained by normalizing the spectra such that the full-energy 


*N : 
on C. Broude and A, E. Litherland have further checked that 


if = 0 is the correct assumption by measuring the n- Y correlation 
for 0. = 45°, and found the same correlation, They then analysed 
all four correlations simultaneously to fit five parameters, a 
common & and four normalization coefficients, for each assumed value 
of J. With this analysis all correlations can be fitted with 6 = 
0.07#0.01 for J = 5/2 or S = -0,37#0.01 for J = 7/2. The X* of 
the fits obtained are consistent with the statistical errors and 


justify the assumption of identical correlations (Br63). 
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FIGURE 3.6 


Doppler-Shift Spectra for the Measurement ofthe 
Mean Lifetime of the 3.846-MeV_ level of 0 


A. Spectra taken at Gy = 45° and 135°, 


B, The difference of the spectra shown in A 
after normalization to equal peak areas. 
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peaks have equal area, and subtracting them to give the difference 
spectrum shown in Fig. 3.6B. The shift is obtained by dividing the 
peak height of the spectrum by the area of the positive peak in the 
difference spectrum, Similar measurements were performed on the 
2,19-MeV gamma ray from the 3,06-MeV state. 

The percentage energy shift in the 2,19-MeV gamma ray 
was (1,2520,12)% and the percentage shift in the 3,85-MeV gamma ray 
was (1,9440,12)%. The maximum fractional Doppler shift is {2’Vo/e, 
where Vo is the initial velocity of the recoiling read ions, From 
kinematic calculations, the values for Vo/e are 1.15% and 1.25% for 
the 3.06- and 3.85-MeV states respectively. Therefore, the experi- 
mental values of F, the Doppler shift attenuation factor, are 
0.7740.07 and 1,06%0.07 respectively. F is the ratio of the observed 
shift to the maximum shift (see Chapter 5), 

The extraction of the nuclear lifetime from F requires a 
knowledge of the characteristic stopping time for i ions recoiling 
into the target and its backing material. The characteristic stopping 
times for ead ions in carbon and tantalum have been obtained from the 
published data on the stopping power of carbon and gold for g ions 
(Po61). A complete analysis of the data to yield the nuclear mean 
lifetime is given in Chapter 5, The final values for the mean life- 
times are < 0,25 x io sec, for the 3.85-MeV transition and 


dnd x LO sec, for the 3.06— to 0,87—-MeV transition, 
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3.4 Summary of Results 
The theory of triple correlations predicts a distribution 


of the form (Li61) 


Weer) = 2.4, P (cos @) 


with k = 0, 2 and 4 for pure multipole radiation, For a mixture of 
dipole and quadrupole radiation, the total distribution is a sum of 


W 
pe’ 


' T 2 J 
W(@) = (ey = 260, ,(@) +6 Woy (0) 


' 
Wa 


where & is the quadrupole-to-dipole amplitude ratio. The subscripts 
on Weer CP) refer to the multipolarity of the gamma radiation, 
For each J- value assumed for the state decaying by gamma 
ray emission, the correlation function is evaluated. Thus, for the 
ace ; = on “ = 
3.85-MeV state the transition is either 5/2 ~5/2 or 7/2 5/2 , 


~ 
since the ground-state spin-parity of gh? is known to be 5/2 , 


For the CT et ye case: 


W,,¢ G) = 1+ 0,457 P, (cos 0) 
W,5(@) = = 0,542 P, (cos O) 
Wo5(@) = 1 - 0,204 P., (cos @) - 0,368 P) (cos oO) 


For the 7/2° 5/2 case: 


W469) 1 - 0,357 P., (cos @) 
W,5(9) 


Woo lO) 


- 1,031 P,, (cos O) 


1 + 0.085 P, (cos) + 0,653 P, (cos QO) 
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A plot can be made of A, versus Ay as a function O P 


where A, and A, are the normalized coefficients of P.. (cos O) and 


4 
P) (cos @) respectively (i.e. coefficient of e = 1). This type of 
diagram is shown in Fig. 3.7 for the two spin values. The experi- 
mental value of Ay is plotted on the graph and shows that the 
correlation measurement does not give a unique assignment for J. 

és hia 7 BS : 
From the graph, for the 5/2 +5/2 case, me 4.05, 1,6) the 
: P ; = a & 
radiation is almost pure El, whereas for the 7/2 ~5/2 case, = 
~0,.0, indicating a large component of M2 radiation. Note that the 
values of 6 are the same as the values from the preferred analysis 
of Broude and Litherland, 
The value of § together with the lifetime estimate does 
allow abasis for unique assignment of J by comparing the experimental 
transition strength to the single-particle estimate. The intensity 
P eG : Pa 

of M2 radiation relative to El is 0 . Therefore, a measure of the 
P : ; 2 By 2 

matrix element for the decay is {M | eS /(1+ 86“) for the El compo- 


a 
nent and Iu]? ~ 8770+ 57) for the M2 component. Expressing 


Iu |? in terms of the estimates of Weisskopf, 


|? = 1 C y w(E1) Weisskopf units 
woe Cy 


|u|? = 52 © y (M2) Weisskopf units 


1+6 : Gy 


where cy is the measured lifetime and oe is the Weisskopf 


prediction, 
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FIGURE 3.7 


The Angular Correlation Results for the 
3.85-MeV State 


Graphs are plotted of A, versus Ay as a function 


of S for the two cases 5/2 > Gis ame 2 sya, he 


experimental value of Ay gives two possible values of 


S. For the 5/2 case, ~ +0.05 and for the 7/2 
case, 5S -0.40. The dots show the values of A, and 


Ay for the pure-multipole radiation indicated. 
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| M | 2 
Transition 
El M2 
Si2.-@ 5/2 210 2125 
15 oe Sf 2107 2 40 


The El and M2 Transition Strengths 


manror 4 2 
a > ey By ee a 


2 
The values of |M| in Table 3.2 for the El part of the 
transition show typical inhibition factors (Wi60). However, the 
Z ; TT - : ; 
large fs] for the M2 part assuming J = 7/2 makes this assignment 
TT -_ 
unlikely, so that J = 5/2 is strongly favoured. 
The isotropic n-y correlation for the 3,0670.8/7 transi- 
tion is consistent with the spin assignment 1/2. for the 3.06-MeV 
state, The lifetime is also consistent with El radiation since 


Cm 152% ig yields \u{7= i Weisskopf units. 


3.5 Discussion 
Segel et al (Se63) have recently shown that the 3,86-MeV 
state in aad (see Fig. 3.8) has i = 5/2, The angular distribution 
: 16 if : 
of 3,86-MeV radiation was measured for the 0 (p,y)F reaction as 
a function of energy. The angular distribution measured on the 
Z 


resonance at E = 3,473 MeV gave A, = +0.47t0.03, From an analysis 
Pp 


of the yield curve, they obtained a radiative lifetime of 
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7 14 


-14 = 
SO 2G20.0) a 10 sec, In 0 , the lifetime is < 2.5 x 10 seC. 
The smaller A, = 0.4040,03 coefficient for the n-Y correlation 
indicates a small amount of M2 radiation, whereas the data in the 
Le <i 
Eg case indicate almost pure El, However, the measurements 
agree within the experimental errors, 

Measurements on the 3,06-MeV state confirm the assign- 
ment J™ = 1/2. for this state; the mirror level at 3.10 MeV in 

Ls - 
F’’ also has J” = il 5 ae 

In a recent paper, Yagi et ali (Ya63) have studied the 
L7 ; 16 ahi F ; 

energy level structure of 0 using the 0° (d,p)0 reaction with 
15 MeV deuterons. Their data on the reduced widths of the first 

: ee ; a A dae 
eight levels of 0 indicate that the 1f£7/2 level may be the 
7/2 level at 5.7 MeV. The ratio of the reduced widths for the 
3,85-MeV level to that for the 5.7-MeV level is 0.16. Segel 
et al have discussed the possible location of the lowest f7/2 level 
in the mass 17 nuclei and suggest that the level at 5.7 MeV now 
appears to be the single-particle level. 

The theoretical interpretation of the 1/2. and 5/2- 
states studied in this investigation is still uncertain. It seems 
worthwhile, at this point, to mention some recent theoretical 

; L/ ; . 
studies of 0 concerned with the negative-parity states. 
, ; ; 17 

Calculations on the negative parity states of 0 by 
Harvey (Ha63) predict the lowest level to be in the region of 
6 MeV (Fig. 3.8), and do not explain the levels at 3.06 and 3,85 


MeV. The calculations are based on the shell model as formulated 


by Elliott and Harvey and Elliott. The lowest negative-parity 
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states are assumed to be single excitation states resulting from the 
’ : ; 16 . 
excitation of a lp~particle from the 0°” core into the (ld,2s)-shell. 
Harvey's calculations give good account of the levels in neighbour- 
; i, eee 18 , ‘ 
ing nuclei F and 0°, although more experimental data are needed 
18 

to test the 0 results, 

. : 17 

Harvey notes that his calculations on 0 do not contradict 
the assumptions of Christy and Fowler (Ch54) in their interpretation 
of the negative parity levels. Christy and Fowler suggest that these 

; aa ; 16 
states may arise from three particles excited from the 0 core,. In 
. , : 13 
cluster model language, this would correspond to aC ground state 
with four particles in the (ld,2s)~shell. 
: - : 17 / 

Matthies et al (Ma63) consider 0 as four alpha particles 
and an extra nucleon, The spectrum of levels is calculated in a 
weak-coupling approximation taking into account the interaction of 
the extra nucleon with the non=-spherical core of four Q-=particles, 
which are vibrating in a configuration possessing the symmetry of a 
tetrahedron, This theoretical calculation predicts both the positive 
and negative parity states as well as the ground-state quadrupole 
moment, the magnetic moment and the lifetime of the 0.87-MeV state. 
It is successful in most of these endeavours, A 1/2. excitation 
is predicted in the region of 3 MeV, but the 5/2 level is 
predicted to be at 5.5 MeV. 

As mentioned previously, Macfarlane and French (Ma60), 
with interest in single-particle states, prefer to give only qualita- 
tive statements about the negative parity states, They note that the 


existence of a 1f7/2 single-particle level only 4 MeV above the 
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1d5/2 ground state in ge is surprising. This difficulty, of 


course, has now been removed only to be replaced by another. 
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CHAPTER 4 
a nstags avimimumiaaets 


THE SOLID-STATE RADIATION DETECTOR AND TIMING 
ELECTRONICS 


Since the design philosophy of electronic equipment is 
affected by the details of the radiation detector, a brief discussion 
of the solid-state detector is given in Section 1. In this section 
the interest will be focused on those properties affecting the 
choice of technique. Section 3 is a paper dealing with the details 
of an electronic design and some of the applications of the solid- 
State detector system to problems of nuclear physics, The final 


section is devoted to an analysis of the time resolution that has 


been realized, 


4.1 The Solid-State Radiation Detector 

The semiconductor detector is a diode with a large junction 
area, The two main types of detectors are the surface-barrier and 
the diffused-junction detector, which are different only in the 
techniques for forming the junction in a high resistivity semicon- 
ductor. To be specific, consider a junction formed by making a thin 
n-type layer on the surface of a crystal of p-type semiconductor, 
The n-type layer must be made as thin as possible so that charged 
particles may easily penetrate into the active region of the diode, 
i.e. the carrier depleted region in the p-type body of the detector, 
The depletion region of the detector is enlarged by operating the 
diode in the reverse-biased part of its characteristic current 


versus voltage curve, 
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Figure 4,0 shows schematically the features of a typical 
solid-state radiation detector, In Fig. 4.0(b) the three regions 
of a detector are shown, The n-type region is a "window" into the 
detector and is made thin and heavily doped as illustrated by the 
charge distribution shown in Fig. 4.0(c). The heavy doping of the 
n-type region causes the depletion region to penetrate deeply into 
the bulk of the p-type material since, in equilibrium, the net 
charge must be zero for the whole device, This dipole charge 
distribution resulting from ionized donor and acceptor levels 
gives rise to a potential characterized by a parabolic dependence 
on the distance through the p-type material as illustrated in 
Fig. 4.0(d). Thus, the field (Fig. 4.0(e)) is a maximum at the 
junction and falls off linearly as it penetrates into the body 
of the diode, 

The third region of the detector is the undepleted 
region in the p-type material, For many purposes it is desirable 
to eliminate this region entirely by applying sufficient voltage 
to the junction to make the depletion region "punch through" to 
the back contact. However, careful design of the detector is 
required to obtain this condition without excessive leakage 


current, 


Static Characteristics of the Solid-State Detector 

To obtain an understanding of the detector, consider the 
junction region in a diode formed with an abrupt transition from 
the n-type to the p-type material, The features of Fig. 4.0 assume 


this. The potential in the detector is found by solving Poisson's 
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FIGURE 4.0 
The Solid-State Particle Detector 
(a) An equivalent circuit; the n-region is to the 
left, the p- region to the right. 


(b) A schematic diagram of a detector showing its 
three regions. 


(c) The equilbrium charge distribution due to 
ionized donor and acceptor levels. 


(d) The potential energy of a hole. 


(e) The electric field in the carrier depleted region. 
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equation (Va57) , and assuming a one-dimensional model. 


d°X __ &) 
dxt € €, ae 
where: x = potential 


fx) = charge density 


a) 
ii 


dielectric constant 


= 8,85 x 10712 F/m 


a 
° 
t 


In the n=region, i.e. x <0 


o Zé €. 
And in the p-region, x > 0 
z 
_ Na (d-x 
X= aed ( ) (4.2b) 


where: Y= the thermoelectric potential 

Y= applied voltage 

g = electronic charge 

N= density of donor atoms 

N, = density of acceptor atoms 

d = width of the depletion region in p-region 


XxX, = width of the depletion region in n-region 


The boundary condition at x = 0 requires that 


iXn. dX, Per ~ (4.3) 
dx dx ls Ke 


yielding the relation 


xN= N, 4 (4.4) 


and explaining why the n-region should be doped heavily and the 
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p-region, lightly. The second condition (X,= Xp) combined with 


(4.4) gives 


a g A Pig | a Nea 
Vey ae Noa (1 Na? (4.5) 
~—*_ N, 4 N>>N 
gee, *% a 


Now the resistivity is given by 


\ a (N, ay as Ne ge) (4.6) 


ee 
iH 


where; density of holes 


- 
Ut 


density of electrons 


the appropriate mobility 


BS 


“~ 
~ 


and since in the p-type material No = 0, Ne No we have 


a. (Ut )2€& 4, 2 (4.7) 


Thus, the depletion-region width is proportional to the square root 
of the applied voltage, multiplied by the resitivity of the p-type 


material, 


The small-signal capacity of the detector is defined as 


C= — per unit area (4.8) 


From Fig. 4.0 we can see that the stored charge Q = qn ds so that 


C = ESe per unit area 


Before considering the effects of the above considerations 


on the design of an electronic system, a short discussion of the 
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transient response of a detector will be given. It will then be 
useful to consider all the properties of the detector and to 


make comparisons with other detectors, 


Transient Response of S.S. Radiation Detectors 
LL CT TNL LT A NE A EE ee ae tee 
The basic equation governing the motion of charge carriers 


is the equation of continuity. 


Cl nen, eT se (4.9) 
Ot g a 
on is 3 
where a number of carriers per cm per sec. 
J = current density 
MN = number of carriers per cm 
No = equilibrium value of n 


T = lifetime of the charge carriers 
| = externally generated carriers 
The current density is given by two terms, one due to drift of 


charge carriers in the field E and the other due to the diffusion 


of the charge carriers. 


= ngKe -gDVn (4.10) 


al 


Equations (4.9) and (4.10) must be solved simultaneously. However, 
one can usually make drastic but realistic approximations to 
simplify the mathematical calculation. For example, in the depletion 
region, the current density due to E is much larger than the diffu- 
sion current density which can thus be neglected. Similarly, the 
collection time is much smaller than the lifetime so that the term 


(n - n_)/T, representing carriers disappearing because of recombina- 
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tion, can be neglected, With these assumptions 


dn = innVrE ase (4.11) 
The term g and therefore the solution of (4.11) depends on the 
manner in which the carriers are generated, One simple assumption 
we can make is that a charged particle enters the detector and 
instantaneously creates a uniformly ionized column the length of 
the depletion region, In this case the hole current (due to ny) 


and the electron current due to n_ will be equal. From (4,2b) 
e 


/ 
— 2 Na ( el =e) (4,12) 
ce. 
> Af 
so that On = -72A 2 Na 
ot Ge Sy 


ad | 
and since ra == CNa aes ) 


\ 
for the holes OTs ate. 
dt PEF, 
and for the electrons 
OTe  ., ote Ne 
ot A, {2 ©& 


From (4.10), the current is proportional to n so that 


the time constants of the currents are 


oe EE oe 
C =/ . ( a) 
: Ta oh p EE, (4.13b) 
e He Pa 
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If Q is the charge released to one type of carrier by the ionizing 


particle, the current pulse is 
es 
= 


poe tg k 
, aN) oS am ~~ & (4.14) 


To illustrate the effect of different assumptions regarding e 


oO oY 
consider that the particle is stopped in a distance very short 
compared to d; then the electron current is zero since they are 


not required to move in the field, hence 


= 
| 


(4.15) 


| 
“alle 
ay 


Expressions similar to equations (4.14) and (4.15) have been derived 
previously by Cavalleri et al (Ca63). 

The above description is a very simplified picture of the 
collection of the charge released in the detector, The exact shape 
and therefore the risetime will depend on where the track of 
electron-hole pairs is located and oriented in the detector (To6l). 
Also, for heavily ionizing particles, the collection time may be 

' altered by self-shielding of the ionization column, i.e. at first, 
A only the outermost carriers feel the field assumed in the above 
calculation, 

If the depletion region does not reach the back contact 
of the detector, then the series resistance of the bulk material , 


in conjunction with the transition capacity, (equation 4.8), form a 


time constant that may mask the time constants considered, 
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4.2 A Comparison of Detectors 

Before the solid-state diode was developed into a useful 
particle detector, the detection of charged particles was accom- 
plished with scintillation and gas counters, (Photographic emulsions 
do not give the time of detection and will not be considered here) 
A comparison of the solid-state detector with the gas and scintilla- 
tion counter may be useful in pointing out an electronic system to take 
advantage of those properties that distinguish it from the other 
detectors. Table 4,1 compares the three detectors for several quan- 


tities important to their performance as particle detectors, 
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Solid-State Gas Counter Scintillation 
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€ 5,5: eV pair 30 eV/ion 700 eV/photo- 
pair electron 
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3 3 
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Since the solid-state detector has the smallest value of 
€, it has the best intrinsic energy resolution, In this respect, 
other solid-state devices using semiconductors with a small energy 
gap between the valence and conduction bands hold promise for the 
future. The absolute value of the energy recuired is of considerable 
importance since in low-energy nuclear physics, the energies of 
interest are in the region of one MeV. 

Although the scintillation counter has the advantage 
that the photomultiplier which is required is an excellent high 
gain amplifier, the output current pulse is not well defined 
Statistically because of the energy required to create the initial 
photo-electrons, The solid-state detector and, in less extreme, 
the gas counter produce statistically well defined signals but 
demusve amplifiers to bring their signals to a useful amplitude, 

The current pulse produced by an ionizing particle 
entering any one of the detectors in Table 4.1 has not a simple 
shape. In the previous section, the shape of the current pulse 
from a solid-state detector was shown to change drastically as a 
result of the different mobilities of electrons and holes, This 
property of detectors, characterized by the mobility of the 
charge carriers in the case of the solid-state and gas counters, 
finds its counterpart in the scintillation detector as a result 
of the complicated mechanism of the scintillation process, and 
its dependence on the stopping power for the ionizing particles. 


Let it suffice to say that the effect in the scintillation counter 
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Or more 
again produces a current pulse which is the sum of two/components 


with varying amplitudes and different time constants, In the case of 
organic scintillators, the effect has been used to distinguish differ- 
ent iLonizing particles by pulse-shape analysis. 

The solid-state detector has a much faster response than 
either the gas counter or the scintillation detector as can be seen 
from Table 4,1, The fast response, combined with the small value of E 
for the solid-state counter, makes it ideally suited for fast time 
coincidence applications. 

Some properties of silicon and germanium are listed in Table 
4.2. These two semiconductors are both used for particle detectors 


and the technology of using Ge and Si has been extensively studied 


because of their importance in semiconductor amplifying devices. 


Property 


Intrinsic resistivity (ohm-cm) 


Carrier lifetime (sec) 


iM, fis (Meme) 


Ae baa essen) 
Energy gap (eV) 
E€ (eV/pair) 
Density femieui’) 
Dielectric constant 
|'Melting point (°c) 
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TABLE 4,2 


Some Properties of Silicon and Germanium 
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SECTION 4,3 


ELECTRONIC TIMING WITH A 
SOLID-STATE DETECTOR * 


T.K.ALEXANDER and G.C.NEILSON 


Physics Department 
University of Alberta 
Edmonton, Alberta 
Canada 


(Paper to be presented at the Edmonton meeting 
of the A.P.S., August, 1963.) 


* Work supported in part by the Atomic Energy 
Control Board of Canada. 
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ABSTRACT 

An amplifier and shaping circuit has been 
designed te take advantage of the precise timing 
available from solid-state particle detecters-, The 
system to be described has been used in the following 
techniques for nuclear research: (1) Fast particle- 
gamma-ray eoincidence measurements using a solid- 
state detector and a NaI(T1) scintillation counter. 
(2) Neutron time-of-flight analysis by deteeting an 
associated charged particle for the zero-time reference, 
(3) Prempt identification of charged particles by 
measuring their energy and velocity simultaneously, 
(4) Detecting the time of arrival of a pulsed beam 
of particles from the accelerator. This has been dene 
by eolleeting the nanosecond burst of charged particles 


in a Faraday cup or on the target itself, 


1 TOK, Alexander and G.C. Neilson; Proceedings of 
the Gonference on Instrument Techniques in Nuclear 
Pulse Analysis - Monterey, California, April (1963) 
in press. 
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1. Introduction 

A linear amplifier and a shaping circuit has 
been designed to take advantage of both the precise time 
and energy resolution available from solid-state detectors. 

It is well known that the charge collection 
time in a diode particle detector is fast provided the 
ionizing particle is stopped within the depletion region. 
Also the small energy required to create an electon-hole 
pair (3.6 ev) together with the fast relaxation time (1,2) 
of the current pulse tends to produce a signal with small 
statistical time jitter. One can therefore use double- 
delay-line shaped pulses and zero-cross-over detection to 
advantage, for timing of the ionizing event. At the 
same time the advantages of charge-sensitive pre-amplifier, 
linearity and high counting rate capability of the delay- 
line-type amplifier system are realized. 

In our laboratory we have another use for a fast, 
charge-sensitive amplifying system. The d.c. beam of 
particles from a Van de Graaff accelerator is chapped into 
nanosecond pulses by a beam-flipping apparatus (3). It is 
desirable to detect the arrival of the burst of ions at 
the target for generation of a zero-time signal for time-of- 
filient work. This can be cone by collecting the burst of 
charged particles in a Faraday cup or on the target itself. 
For example, a 20 uA peak current pulse of singly charged 


particles lasting for 1 ns is approximately the same amount 
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of charge as that produced by a O.5-Mev particle stopping 
in a solid-state detector. Thus identical amplifying 
systems are suitable for the detection of the time-of- 
arrival in both cases. This laboratory will soon have 
a Mobley compression system in operation and the increased 
beam intensity will enhance the time resolution obtainable 
from this type of detection. 
2. The Double-Delay-Line Amplifier 

Goulding (4) and Chase (5) have already provided 
a good transistor operational amplifier stage and a 
technique for delay-line shaping. Fig. 1 shows the double- 


delay-line amplifier designed specifically for our purposes. 


iQ 
Di,D02; |OOns, TELCON Z3M . 
2N501' Qi, Q2,Q4,Q7,Q0,Qii 
2N709'Q3,06,Q¢6,Q8 ,Qu,Qis 
2NII43: Que 


DOUBLE DELAY LINE AMPLIFIER 


Figure l 
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The pulse width is 100 ns (single-ended) enabling the 
amplifier to handle a steady rate of beam pulses 
occurring at 1.6 Mc/s. One point worth noting is that 
the loss in rise-time of the pulse travelling through 
the delay line and inverting amplifier (Q4 and @5) can 
263..0i4.32 ~“* ln RC network at the input to the 
amplifying stage (Q2 and Q3). A rise time 25 ns has 
been obtained by this technique. The delay lines 
(Telcon Z3M, Zo = 300 ohms) are bulky compared to the 
Circuit and have been isolated from one another by 
enclosing them in separately shielded compartments. Other 
mechanical precautions involve shielding the first 
amplifying stage from the last and providing a heavy 
ground lead Pratt the ground point at the emitter of Q13 
to the oW@tpUut connector, as indicated in the scnemavic 
diagram. Photographs of the output wave forms will be 


shown in Figures 2 and 4. 
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Figure 2 


Fig. 2 shows the output waveform of the 100 ns 
double-delay-line amplifier when a voltage step is applied 


to the test input of the pre-amplifier. The horizontal 
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scale is 50 ns/em and the vertical scale is eV/em. The 
sensitivity of the system is such that a 5-Mev alpha 
particle produces a 2-volt waveform as shown in Fig. 4. 
3. The Pre-Amplifier 

Fig. 3 shows the pre-amplifier which consists 
of a current amplifying stage fed-back with a 3.3pF 
integrating capacitor. A low output impedance is provided 


by a "White emitter follower" stage. The input amplifying 
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Figure 3 
element is a pair of 8056 nuvistor tubes attempting to 
reduce noise due to input capacity(6), With this 


pre-amplifier a noise equivalent of 23 kev is obtained 
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- 5 - 
Tor open circuit conditions and double-delay-line 
Shaping. For a 300 ohm-cm detector with an area of 
2 ; 
1.3 cm’, the measured resolution is 70 kev at a bias 


at 200 woLte. 
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Figure 4 

The top picture in Fig. 4 is the output obtained 

using the amplifier with a 300 ohm-cm, 1.3 om” area, solid- 
athe 


state detector. The waveform resulted from a Pu alpha- 


particle being stopped in the detector. The sensitivity 


15 coul. 


is then approximately 1V/10— 
The trace at the bottom of Fig. 4 is the amplified 
pulses obtained by collecting the pulsed beam of protons 
from the accelerator. The zero-cross-over is detected and 
used for the zero-time signal in time-of-flight analysis. 
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Since the waveform, whose amplitude is linear with the 
amount of charge in each pulse, can be used to monitor 

the operation of the beam flipper and ion source. 
Adjustments to eliminate alternate pulses can also be made 
quickly and with certainty. The rather slow-rising top 

on the pulses in the photograph is due to unsuppressed 
electron emission from the Faraday cup and can be 


eliminated if necessary. 
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The zero detector shown in Fig. 5 (Q, and Q,) 
ig a Schmitt trigger circuit similar to the one designed 


by Goulding and McNaught (7) the other trigger circuit, 
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Q4 and Q5, provides a variable width for the output waveform. 
The currents switched in @2 and @5 are summed on a common 
resistor (390 ohms), producing a waveform whose front 
edge is timed from the zero-cross-over circuit but whose 
backedge is determined by the period of the trigger circuit. 
Together, their action produces a positive pulse at the 
base of Q6. This pulse is then clipped by a shorted delay 
line (2T = 150 ns) and amplified to produce a positive 
4-V pulse suitable for operation of a 6BN6 time-to-amplitude 
converter (8). 

Fig. 6 shows the time resolution obtained for 


alpha particles detected in coincidence with gamma radiation. 
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The reaction FLI (5 a,y)0r© was used to produce 2-Mev alpha 
particles and 6.13-Mev gamma radiation. The gamma rays 
were detected in a 4 in. by 4 in. NaI(T1) crystal mounted 
on a 58AVP photomultiplier. The solid-state detector was 
a 306 oOhm-Cms, 143 om= area, surface barrier detector. 
A side-channel on the gamma-ray detector was biased at an 
energy of 2.5 Mev and gated the kicksorter analyzing the 
output of the time-to-amplitude converter. The full width 
at half maximum is approximately two nanoseconds. The 
resolution performance will be discussed in a latter section. 
Fig. 7 is a schematic diagram of an experimental 
apparatus to investigate the possibilities of precise 
timing of charged particles with respect to a pulse of 
Particles from the accelerator. The arrival of a pulse 
of beam is detected by collecting the charge on the target 
(T) or on a set of slits just before the target. Charged 
particles leaving the target at an angle of 135° are 
stopped in a solid-state detector whose distance from the 
target can be varied. The output of the time-to-amplitude 
converter is then a measure of the time-of-flight of a 
particle from the target to the detector. 
The particle's energy (E) and time-of-flight (t) 
can be obtained simultaneously from the detector and 
fed to a two-parameter pulse-amplitude analyser. Each 
type of particle gives a different locus of points depending 


on the particles! mass, as 4llustrated in the next figure. 
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This equipment also allows one to obtain a 
profile of the beam pulse. If a thin scattering 
target is used, then the width of the pulsed beam of 


particles is contained in the measured resolution 


curve, and can be extracted if the resolution curve 


of the detecting scheme is known. 
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Figure 8 
Fig. 8 is a plot of particle energy against 
particle time-of-flight obtained with the apparatus 
Shown in the previous figure. The data was accumulated 
in a 32 by 32 channel coincidence analyser. The dots are 
experimental points while the solid curves are the 
calculated loci for protons and deuterons. The dashed 


curves represent the half-maximum points for the 
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experimental data. These data do not show the best 
resolution obtained, but illustrate the variation of timing 
resolution with particle energy, which will be discussed 
later. The data show clearly that an a method of 


mass identification is feasible even down to low energies. 


5. Discussion of Performance 

The data on resolution have been presented from 
a utilitarian point of view, illustrating situations which 
would be encountered in using the equipment for nuclear 
investigation. One, however, can look at the performance 
in more ideal cases. 

One can easily show that the resolutions for 


energy and time are related by (9) 


Tm = (4)on (1) 


2 


in this system. Op is the variance of time, o, is the 


3M 


4 


b 


variance of voltage, t is the rising-time constant of the 
pulse and V is the amplitude of the pulse. With a suitable 


change of units 


t= 


il ooo 


energy of particle 


Ul 


where E 
R = measured energy resolution 
iE 
= 


10% to 90% rise time 
Thus one sees that the criterion for good time resolution 


is to minimize the product TR . We also see that x is 
iE it 
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a ee 


proportional to l/s as illustrated in Fig. 8. 

If one measures the electronic resolution 
(i.e. Cin = 0) a value of 0.2 ns is obtained, which can 
be predicted from measurements of T and Ry which are 
25 ns and 23 kev respectively. Similarly, in the case 
where a 1.3 om= area detector 18 used the riseé=-time 
increases to approximately 40 ns and the noise to 70 kev 
resulting in a time resolution of approximately 1 ns for 


O-Mev particles. 
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4.4 The Time Resolution of the Solid-State Detector System 

In this section the time resolution of the solid-state 
detector system described in Section 3 is discussed. The time 
resolution achievable in practice often depends on the details 
and compromises of the particular experiment. Therefore the 
discussion will be restricted to the components of time jitter 
introduced by the solid-state detector system alone. No considera- 
tion will be given to the jitter introduced in the measurement of 
a time interval by the reference (t = 0) signal, or to effects 
such as the time spread which may be present in the particles 
entering the detector. 

The time resolution for the solid-state detector 
system can be estimated from the following tests; 

(1) Particle-gamma-ray coincidence studies 
(2) Resolution measurements with a light pulser. 
(3) Resolution tests with an electronic pulse generator, 

The first method is the most difficult way to perform the 
evaluation, since the time resolution of the gamma-ray detector must 
be known. The energy dependence of the time resolution of the 
particle detector would also be difficult to measure over a large 
range of energy. 

The light-pulser method can be used successfully since 
most diode detectors are light sensitive. It is probably the best 


way to perform the tests provided a stable light-pulse generator is 


available, 


The third method can give nearly all the information 
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required, if the electronic pulse generator is used to produce 
current pulses that simulate the current released from the detector, 
In this test, the charge released by the solid-state detector is 
simulated by applying a voltage V to a small capacitor C (=3.3 pF) 
connected to the input of the system, The applied voltage-step 
waveform injects a charge Q = CV into the input circuit in a time 
short compared with the response of the amplifier. Therefore, the 
actual shape of the current pulse as given by equation (4.14) is 
not simulated but idealized to a delta function. The time resolu- 
tion, R(t), is then measured as a function of Q, which can be 


expressed in equivalent particle energy by 


E. = eo Slee (4.16) 
1.5 
where: 
E = energy in units of MeV 
Q = the charge in units of Coulombs 
E€ = 3.6 eV/electron-hole pair 


The third method is the test adopted to evaluate the time 
resolution of the system, Figure 4.9 shows the equipment for the 
test and the components that are expected to influence the time 
resolution of the system, e.g. the detector and the stray capacity 
of the input. 

From the discussion in Sections 1 and 2, it can be seen 
that the current pulse from the detector is well defined because 
of the large number of charge carriers produced initially. Since 


the time constants of the detector are short (~ 10 ns), the pulse 


is well defined in time as well, However, the noise of the 
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The Equipment used for the Time-Resolution Test 


The pulse generator injects a narrow current pulse 
into the input of the solid-state detector timing 
system, The time relation between the direct pulse 
from the generator and the pulse processed by the 
System is measured by the time-to-amplitude converter 


and recorded in a 256-channel pulse-amplitude analyser, 
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detector and the amplifier, and the frequency response of the 
amplifier will tend to destroy the good definition of the pulse 
released from the detector. 


If the noise in the system is the major cause of the 


timing jitter, then the resolution will be proportional to gp 
through the relation (Co63) 
2 =2 2 
Ov(t) = (=) Oo “(V) (4,17) 
dt 
where 
Z a 
O(t) = variance of time 
2 ; . ; ; 
O(V) = variance of V, i.e. the noise 
dV t 
ae oe the slope of the voltage pulse at the threshold 


of the time detector; V is proportional to E 


As described in Section 3, the current pulse at the input 
is integrated in a charge-sensitive preamplifier. The output of 
the preamplifier is then differentiated twice to produce a balanced 
waveform, Since the threshold of the zero cross-over pick-off 
circuit is approximately that point on the waveform when it passes 
through zero, dV/dt is easily expressed in terms of the rise time 
of the pulse and the energy of the particle. 

The amplifier was described for the case in which two 
delay lines are used to produce proper shaping of the pulse. One 
resistor-capacitor differentiating network followed by shaping 


with one delay line has also been used, and both cases are considered 


be low. 
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Double-delay-line Differentiated Pulse 
The falling edge of a dout. 2e-delay-line-shaped pulse can 


be represented by 


Vw= Y% (2 e “-1) (4.18) 


where: ¥ = the peak amplitude of the pulse; a oc E, 


c 


the rising time-constant of the pulse, 


The time at which the waveform begins to fall due to the differentiat- 
ing action of the delay lines is taken as zero time, This waveform 


crosses zero volts when 2exp(-t, t)= 1, and has a slope 


dV V/ 
ee ner (4,19) 
c 
One Delay-line Differentiation, Ts followed by RC - Differentiation 


with RC = Toe 


For this type of filter the shape of the output pulse is 


aa an th, hs?) 
i ‘oe a )- e we -)| 


wheres aes the width of the pulse shaped by the delay line; 


also RC. = 2. 
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The pulse crosses zero at time 
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The factor 0,63 results since RC was chosen to be equal to T. The 
WwW 


slope can be made to approach Vi/© by making RC smaller, but then 


Q 


the slope is more dependent on 


2 
so affects O'(V), as is seen from 


re 


The type of shaping a 
the following simplified argument. The operation of delay line 
clipping increases the noise by a factor of V2 since the high- 
frequency components in one interval of time are added to the noise 
in an adjacent interval. In the RC-differentiation case, this does 
not occur even though the bandwidth is reduced. Thus a factor of 
approximately J 2 improvement in the noise is expected in the RC case, 

In any type of shaping that involves two differentiations, 
the time at which the waveform passes through zero is independent of 
the amplitude of the pulse as illustrated by the expressions for ty 
above. As expressed previously, the jitter in the time is caused by 
the noise in the system, A component of the time resolution indepen- 


dent of E is also present due to the fluctuations in the electronic 


time detecting circuit. 
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To separate the two effects the measured values of R(t) 
, a4 ; A 
have been squared and plotted against E as shown in Fig. 4,10. 
If the measurement is performed with the solid-state detector 
removed from the circuit, curve B is obtained, With the detector 
in place and biased to -150 V, curve A results. Both curves can 


be represented by 


a(t) = k,* + Ky 19 
-c curve A, Kk,” = 5 and kK, = 76; for curve B, K,? = 4 and 

ky” = 31 in units of iehadueiay (lee vaient Hey The calibration 
is 1 ns = 12 channels, so that the resolution can be broken into 
the following parts 

#9) R(t) jitter = 0.18 ns 

(2) R(t)input circuit = 0.46 ie ns 

(3) R(t)detector = 0,56 -* ns 


The detector tested in this measurement was a Nuclear Diodes 300 ohm-cm 
surface-ba.rier detector with a junction area of approximately 0,33 
—— The entire arrangement was identical to that used for the 

O° ta p0"! and AP tdseia coincidence studies, 

The contribution to the resolution caused by the input circuit 
is probably due to the stray capacity of the detector's socket and the 
input leads to the pre-amplifier. The detector's contribution includes 
its total effect, e.g. the junction capacity and the noise generated 
by the leakage current of the reverse-biased diode. 


To estimate the effect of the input capacity on the resolu- 


tion, the detector was removed from the circuit and replaced by 
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FIGURE 4,10 


The Time Resolution as a Function of Input Charge 


Curve A was obtained by injecting a narrow pulse of 
current into the particle detector. Q is the input charge 
expressed in equivalent MeV. Curve B shows the effect of 


removing the detector and repeating the test, 
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capacitors of known value, 

The results of this measurement are shown in Table Meds 
where the resolution is listed as 2 function of the input capacity. 
The value of the capacity includes the capacity of the holder for 
the test capacitors; each test capacitor value was measured on a 
bridge operating at a frequency of 1 kc/s. The input charge 
simulated E = 2 MeV and was kept constant throughout the test. 

The effect of the input capacity on the resolution is quite 
proncunced and arises from two effects 

(1) Since the input impedance of the preamplifier is 

not negligible at high frequencies, the total input 

capacity, C, introduces a time constant equal to 2508 ; 

which slows the rise time of the preamplifier output waveform. 
(2) The signal-to-noise ratio will decrease with 

increasing C. 

Thus the form of R(t,C) is not a simple function of C, 
but at least it should show behaviour with terms proportional to 
C and to .. The object of this type of test is to bring into 
realization the approximate behaviour, and is not intended to be 
a detailed study of the transfer properties of the electronic circuit. 
For example, it is easily seen that the slope of the shaped pulse will 
change in a complicated manner as indicated by the expression 
previously given, through the dependence on the rising time-constant, 
t, which in turn depends on the input capacity. 


A good fit to the data results if a term independent of C 


is included, i.e. 
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2 Ee oe ae ak 
R= K + K, TR C 
" ee & rv ‘ | 
where: xy = 5, the jitter from the measurement of R vs E. 
amine 
Ky = 10 


3 nr 


Va 
ii 


However, there may be terms proportional to (C +C_) and (C iC se 

fo) fe) 
since a fit can be obtained by using as a parameter, An unreason- 
ably large value of Co gives the best fit (approx, 60 pF). It is 


difficult to account for such a large value, 


INPUT CAP. (u“F) RESOLUTION (CH.) 

4 4 

1 Be 4,7 
27 6 

48 9.5 
60 10.5 
69 Lie 
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Conttini, Gatti and Svelto (Co63) have given an analysis of 
a solid-state detector timing circuit in whicho (tb) is expressed in 
terms of the input capacity, noise components and time constants of 
the amplifier, Their system does not use a charge sensitive pre- 


amplifier and is not exactly equivalent to the system described here, 
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Nevertheless, their analysis does show the strong dependence on input 
capacity. 

The timing performance of their circuits is about the same 
as our system, As shown previously, the resolution is very dependent 
on the conditions of measurement, so that a direct comparison is 


difficult. The following table lists a comparison with the conditions 


of measurement. 


Detector 
O(t) Area Test Input 
(ns) (mm™) f O.-cm) Energy 
et EZ mae Light pulser & 5 MeV Conttini et al 
Q=-particles 
0.2% 33 300-1000** Charge injection 5 MeV Present Work 


* Curve A of Fig. 4.10 


** Manufacturer's specification 


TABLE 4.4 


The charge injection test used to estimate the resolution, 
does not take into account the presence of series resistance in the 
detector. Thus the comparison assumes that in our detector this effect 


is negligible. 
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CHAPTER 5 


EXPERIMENTAL TECHNIQUES 


The experimental methods and the analysis of data were 
dealt with briefly in Chapters 2 and 3 to stress the results and not 
the details of the experiments. In this chapter, the description of 
the methods used in the measurements is expanded, 

The method used to determine the branching ratio of the 
1,67-MeV state of ‘* is an attempt to do multiparameter analysis. 
This mode of data accumulation has become a powerful tool of nuclear 
physics in recent years and has led to the concept of "on line" 
computers for data storage and reduction, It will become apparent 
that the accuracy of the branching-ratio data would have been better 
if a full two-parameter analyser had been available for sorting of 
the pulses from the solid-state detector and the gamma-ray detector, 
It might be added that the Nuclear Research Centre will have such 
a machine in the near future, 

The Doppler shift attenuation method of measuring nuclear 
lifetimes is described in this chapter with reference to the work 
done on the 3.06- and 3,85-MeV states of ae No original methods 
of taking or analysing data have been devised by the author; the 
method has merely been studied and used, However, the solid-state 
detector system developed may have some significance in the future, 


with respect to recent developments in solid-state gamma-ray 


detectors (Li63b). 
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The last section of this chapter is a demonstration of the 
technique of lifetime measurement by direct timing using proton- 
gamma-ray coincidences, The solid-state detector system and a fast 
scintillator were used for the measurements, As far as it was 
developed, this technique is not as good as existing systems that 
use pulsed=beams and fast scintillators, If the experimental 
conditions were the same as in the reactions studied (i.e. about 2 
MeV protons and 0.95 MeV gamma rays), the technique could be used 
to study lifetimes 20.5 nanoseconds and yield data suitable for 
analysis of the slope of the delayed resolution curve, The lower 
limit for analysis by the evaluation of the moments of the resolution 
curve is difficult to estimate, since the experimental conditions are 
very important when the dataare analyzed by this method. In this 
respect, the technique used for the timing of the solid-state detec- 
tor pulses is not ideal as a result of the dependence of the shape 
of the detector's current pulse on the range of the particle entering 
it. Thus, care would have to be taken in comparing the first moments 


of two p-y time distributions if the particles had different energies, 


12 : : 
5.1 The Measurement and Analysis of the B Branching Ratio 


The determination of the branching ratio of two competing 
gamma-ray transitions requires a knowledge of the response of the 
scintillation counter as a function of gamma-ray energy. Since each 
detector responds in its own particular fashion in a given situation 
(e.g. differences in resolution and the presence of scattering 


materials), it is necessary to determine the response experimentally. 
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Once the detector’s behaviour is known, the branching ratio can be 
calculated from the measured pulse-amplitude distributions 
obtained from the reaction in question, 

In the particular case here, i.e. the measurement of the 
branching ratio of the gamma-ray decay of the 1.67-MeV state to the 
O,95-MeV state, datawere obtained in two ways. One measurement 
consisted of observing gamma-ray pulse-amplitude distributions, 
while the second method required the observation of particle 
spectra, In principle, the two modes of observation give the same 
result, except for the possible errors due to background, for 
each measurement the background estimation is entirely different, 
so that if the two branching-ratio determinations are the same, 
one has confidence that the corrections for the background were 
performed properly. 

The response of the scintillation counter to gamma rays 
of different energy in the region of interest is shown in Fig. 5.1. 
The response to a pure 1,63-MeV gamma ray was determined experi- 
mentally by observing the 1,63-MeV radiation from the ae a 
eh transmutation, The short-lived oa was produced by the 
ee Cacnse reaction, The gamma-ray spectrum was accumulated by 
counting for short periods with the beam off the target after a 
short period of bombardment of a CaF, target. The half-life of 
ah is about 12 minutes (Aj59) so this procedure is easily done 
without automatic interruption of the beam or programmed recording 
equipment, The 1,28- and 0,.662-MeV shapes were obtained from 


Hn°* and Ae! sources respectively. Each spectrum was obtained 
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Experimental Shapes of 1.63-1,.28-and 
0,662—-MeV Gamma-Rays 
These spectra were obtained with a 2 in. by 2 in. 
NaI(T1l) scintillation detector shielded with 1/4 in. 


of lead. 
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under the conditions in which the B measurements were made, i.e. 
a 1/4-in. lead beta-ray absorber was placed between the source and 
the Nal(T1l) crystal. 

Figure 5.2 shows the shapes of the 0.95— and 0.72-MeV 
gamma rays derived from the data of Fig. 5.1. The 1.67-MeV shape 
was taken to be identical to the 1,63-MeV spectrum with the appropri- 
ate energy calibration change, All of the curves are plotted with 
the full-energy peak normalized to unit peak height, The horizontal 
axis of the graphs is (E-E,,). 

The spectrum in Fig. 5.3 shows the expected gamma-ray 
pulse-amplitude distribution corresponding to a 6% branching to 
the 0,95-MeV state from the 1,67-MeV state, This derived spectrum 
should be compared with the actual coincidence spectrum obtained 
from the st (dp y Bi? reaction shown in Fig. 2.5. In the actual 
spectrum, the intensity in the 1.25 MeV region is slightly higher 
than the intensity in the derived spectrum. However, the relative 
peak heights for the gamma rays are in fair agreement. 

As described in Chapter 2, the other measurement of the 
branching ratio was obtained by gating the particle spectrum with 
two single-channel analysers selecting two adjacent regions of the 
gamma-ray spectrum, The "upper" gate (see Fig. 5.3) selected only 
those pulses due to 1,67-MeV gamma rays in the region of 1.25 MeV, 
where an excess of counts was observed in the actual coincidence 
spectrum of the gamma rays. This would tend to underestimate the 
branching ratio if the radiation in the region of 1.25 MeV is in 


i 
coincidence with particles whose energy is the same as the B (1.67) 
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; i 
| DERIVED 0.95 Mev | 


DERIVED 0.72 MeV 


FRACTION ‘OF FULL;/ENERGY PEAK HEIGHT 


FIGURE 5,2 


The Response for 0.95— and 0,72-MeV 
Gamma~Radiation 


These spectra are derived from the shapes given in 
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FIGURE 5.3 


The Spectrum Shape Derived from Measured 
Branching Ratio and Pure Line Shapes 
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+ 1 n = | a : P 
proton group, The “lower” gate included the region of the spectrum 


containing both the 0,72- and 0,95-MeV full-enerey peaks 


ry 
@) 
rh 
OQ 
(e) 
=) 
=] 
| 


The measurement consisted of counting the numbe 
cident protons leading to the 1.67-MeV state for both the "upper" 
and "lower" gates, 


The branching ratio, X, is calculated from the expression 


xX = RE, (1.67) oe ee a oe. 


a.e : ae (5.1) 
sap £ (0.72) + 2°2 £,(0.95) 
a ta 


wheres; 


X = the fraction of the transitions stopping over 
at the 0.95-MeV state relative to the ground 
state transition. 


. ; me e. 
R = the number of counts in the B (1.67) proton 
peak gated by the lower gate, divided by the 
number resulting from the upper gate selection. 


£(€) = the fraction of the total counts in the lower 
gamma-ray gate due to 0.72-, 0.95= and 1.67- 


MeV gamma rays respectively for i= 1, 2 and 
de 


the fraction of the total counts in the upper 
gate due to 1,6/-MeV gamma rays. 


Kh 
[I~ 
°° 
td 
Vw 
I 


a, = the attenuation factors for the respective 
gamma rays in the beta-ray absorber. 


. 


e. = the efficiencies of the NaI(Tl) detector for 
the gamma rays. 
The measured value of R is 1.4640.06, corresponding to 
7 £ 50 o amma=—ra 
an average over five angles from 15° to 90 of the gamma-ray counter, 
The £. values were obtained from the derived response curves of 
i 


Fig. 5.2 and the 1.63-MeV experimental spectrum, The efficiencies 
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and absorption coefficients were obtained from published data (Ma60a) ; 
from the above equation, it is noted that only relative values are 
required, 
Using the values e,/e. = 1,35, e,/e, = 1,21, a,/a. = 0,72 
< ~ 


and a,/a. = 0.84 together with the experimental values £, (0.72) = 


+0,011 +0 ,03 
-0,051? -0,04’ 


0.203 2445 


Usais £,, (0.95) = 0,32 £,(1.67) = 0.259262 and f£,(1.67) = 


A 


ee (6253) % 


The shape of the 1.6/7-MeV gamma ray is most important in 
this experiment. The experimental value of the ratio of the ful i 
energy peak area to the total area is 0.17 and is lower than the 
published ratio, 0,21, for a crystal of the same size (Ma60a), This 
reflects the presence of the lead absorber for our measurements, 
Similar comparisons for the derived 0.95- and 0,/2-MeV shapes are 
0.27 versus 0,31 and 0.32 versus 0.3/7 for the derived shapes and 
published data respectively. 

The following calculation shows that any correction to the 
branching ratio due to summing of the 0./72- and 0.95- MeV gamma rays 
in the gamma-ray detector is negligible. The addition of the scintil- 
lation pulses in time coincidence tends to reduce the measured branch- 


ing ratio, and the magnitude of the effect is estimated by 


é ; eI 
Ree ae aes (5.2) 
where: 
F = the number of sum events divided by the 


number of true 0.95- or 0,72-MeV events. 
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@ = the solid angle subtended by the gamma-ray 
detector (= 0.15 for L = 10 em) 


. — 3 
For our detector and geometry, de =~ 6 x 10 so that F 14, This 
4 


is much less than the experimental errors on the branching ratio 


and has been neglected. 


5.2 The Measurement of the Boron Target Thickness 


The thickness of the self-supporting boron target used in 


p i ee a oe ; ; : ‘ ; 
the study of the B’ (d,p)B ” reaction was determined by measuring 


the apparent apaet in the resonance energy of the f(s. eyo” 
reaction, The measurement was done by observing the relative yield 
of the 6,.13-MeV gamma radiation from a thin target of CaF, at the 
873-keV resonance, 


The curve labelled "A" in Fig. 5.4 shows the vield observed 


tty tt 


with CaF, alone, while the one labelled "3" shows the yield when the 


2 
thin boron target was placed in front of the CaF, target. Both 


$2.7 F ; 
targets were oriented at 45 with respect to the beam direction, 


Therefore, the observed shift in the resonance represents the actual 


12 


<= 


thickness of the boron as used in the BL studies, The shift in the 


low-energy edge of the yield curve gives the boron target thickness, 
while the shift in the high-energy edge gives the combined effect of 
the thickness of the boron and straggle in the energy of the beam, 


The straggling caused by the thickness of the target is an important 


consideration in the fast coincidence work since it introduces an 


uncertainty in the time of arrival of the particles at the solid-state 
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FIGURE 5.4 


Measurement of the Thickness of the Boron 
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The curve A shows the measured yield curve for 
the reaction CPE eo a near the 873 keV resonance, 
Curve B shows the apparent shift in the energy of the 


resonance when the beam passes through the boron target 


before striking the CaF, target. 
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(2) The uncertainty in the energy of the particles 


leaving the target is 3-keV for 873-keV protons 
observed in a detector subtending a very small solid 


angle. 


9.3 The Doppler Shift Attenuation Method of Measuring Nuclear 


Lifetimes 
LL LI LL LLL ALLL LCL A AO CCC NO te CCE LT LT CT CL CLE LC TITEL REIT, 


The Doppler shift attenuation method was used to determine 
the mean lifetimes of the 3,85- and 3.06- MeV levels in ye as 
described in Chapter 3, This section is intended to present more 
details of the measurements and to illustrate the technique from the 
point of view of a tool used in nuclear physics, The method has 
become increasingly important in recent years because of the increased 
experimental knowledge accumulated on the stopping power of heavy 
ions in solids, and because of recent er in methods of elec- 
tronic stabilization of the gain of a gamma-ray detector, It has 
proved to be a powerful method of investigation since nuclear life- 
times are a sensitive test of the theories of nuclear structure, 

An excellent description of the method can be found in reference 
(Li63a) on which this description is based. 


The technique is founded on the fact that the stopping 


time of energetic heavy ions in solids is of the same order of 
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magnitude as the lifetimes of many bound nuclear states, Although 
the slowing down mechanism of heavy ions is a difficult process to 
describe theoretically, it is fortunate that a "characteristic 
stopping time" for a given ion in a given material can be defined. 
One can certainly say there is a force acting on the ions 


as they pass through a solid, 
- F = ma (5,3) 
This force causes them to lose energy as they slow down, 
AE= AxF (5.4) 


Thus, dv can be calculated from experimental stopping-power data for 
dt 
each value of E, 


oa ot =m | dv 
(ze } 7 (=| E (5.5) 


If dv is plotted as a function of the velocity, v, a nearly 


dt 
linear relation is found as shown in Fig. 5.5. The usual velocity 


dependence of dE does not hold for low-energy heavy ions because 


dx 
of the importance of charge changes. Since dv is a linear function 
dt 


of v,a characteristic stopping time, Q, can be defined through the 


statistical statement 


-mdvy =m v_ (5.6) 
dt Q 
Thus 
~t/a (5.7) 
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FIGURE 55 


: = 16 2 2 
The Deceleration of 0 tons in Carbon and 
a Function of Velocity 


Gold <as—2 
calculated from the stopping- 


(Po61). 


The curves are 


power data of Porat and Ramavataram 
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where ‘Pe the ion's initial velocity, From Fig. 5.5 the Q's for 
gi? ions slowing down in gold and carbon are 3,1 x ia and 4.5 x 
au be respectively, These values of Q are used to give the values 
for or? ions in carbon and tantalum, 

In general, Q is different for different stopping materi- 
als so that the experimenter has a limited control over how quickly 
the ions come to rest. He also has a limited control over Ms 
through choice of the nuclear reaction he uses and the bombarding 
energy at which he excites the nuclear state, 


The Doppler shift formula for the energy of a gamma ray 


observed at an angle O with respect to a moving nucleus is 


| v\* 
hy #h Vo Vil - ie (5.8) 


and for non-relativistic ion velocities 


iy. A eos O (5,9) 
hy c 


If the energy of the gamma ray is measured at two angles 


with respect to the recoil axis of the excited nucleus, the observed 


fractional shift in energy is 


AE _ vi (cos oF = cos me) (F, a0) 
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For 0, - 45° and Go, = 135°, the optimum angles in many cases 
(Li63a), 
QE = 2 vic (5,11) 
E 
In the ideal measurement, the Doppler shift is observed for the 
nuclei recoiling into vacuum giving rise to a maximum possible shift, 


Ak = Ds 
, (45) max 2 iz (5.12) 


£E 


Then the nuclei are deliberately stopped in a solid and the shift 


measured, 


i = Vv J2° (S919) 
obs 


where v = the average velocity of the ions, 

Now, if the Doppler shift is attenuated it is apparent 
that some nuclei emitted gamma radiation at a velocity less than Vo? 
indicating that the nuclear state has a lifetime comparable to the 
stopping time, With the knowledge of v(t), this lifetime can be 
calculated from the observed, attenuated shift. In the ol? 
experiment, the initial velocity, Vo» was calculated from the 
kinematics of the reaction, 


The experimental measurements are presented in the form 


SE as 
E obs E obs 


= = (5.14) 
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F, the Doppler shift attenuation factor, can be calculated if the 


velocity of the recoiling ions is known as a function of time, 


where C = lifetime of the state, 
So that with the assumption that v(t) = a exp(-t/@), F(%,Q@) can 
be plotted as a function of T, 


F(T,Q) = Q (5.16) 
T+A 


Calculation of the Characteristic Stopping Time 
Ly 


The calculation of the value of Q for 0 ions from that 
for a ions is straight forward. If we assume the same retarding 
force is acting and let v(A) and m(A) be the velocity and mass of the 


ion with mass number A, 


dv(16) = mQ17)_— dv (17) 


dt m(16) dt 


For the same energy, the velocities are related by 


v(16) = /m(17 v(17) 
m(16) 


Substituting these relations into (5.6) gives 
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The calculation of qd for the stopping material tantalum 
from the gold data is not so clear, but since the materials are 
an , _ ar 
similar, i.e. Z(Au) = 78 and Z(Ta) = 73, Q is assumed to vary 


directly as the aan oT atl 


Q (Ta) = esau) Q (Au) (5.18) 
/ (Ta) 
where © (Au) = 19,3 and O (Ta) = 16.6 pean. Using (5.17) and 
(5.18) the characteristic stopping times for gr! slowing down in 
carbon and tantalum are 4.64 x ies Bnd 34 Jom io sec, 
respectively, 

These values have been used to calculate F(Q,7@) as 
shown in Fig. 5.6 for comparison with the experimental value of F, 
determined from the Doppler shift of the energy of the gamma rays, 

No attempt has been made to allow for the events in which 
the gut ions slow down partially in the carbon target and partially 
in the tantalum backing. The target thickness was not known 
accurately, so the errors on © include the possibility that the 
total environment was either carbon or tantalum. 

An upper limit on the carbon target thickness was obtained 
from a yield curve obtained during a survey to decide the best 
energy to measure the n-y coincidences, None of the small resonances 
were wider than 200 keV for alpha particles of about 10 MeV. Thus, 


any uncertainty in v_ from target thickness considerations is less 
fe) 
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FIGURE 5.6 
Doppler Shift Attenuation Analysis 


F(],@) is the ratio of the mean velocity to the 
er 7 > ae ; ; 
initial velocity of 0 ions slowing down in carbon or 


tantalum. The value of F from Doppler shift measurements 


is 5 
y ~ (42 Pe (ls 7 
A E / obs * C 
17 


Values for the 3.85- and 3.06-MeV state of 0 are 


shown, 
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Another uncertainty, which is negligible compared to the 
errors already mentioned, arises because of the finite solid angles 
subtended by the neutron and gamma ray detectors, 

Incidentally, Fig. 5.6 shows the range of T that can be 
measured by the Doppler attenuation method, In the next section, a 
description of the direct timing method of measuring longer nuclear 
lifetimes is given with reference to the work done on the 0,.95—-MeV 


state of pi? and the 0,8/71=—-MeV state of ol? , 


5.4 Lifetime Measurements by Direct Timing, Using p-y Coincidences 

The measurement of nuclear radiative lifetimes by direct 
timing can be done in a variety of ways. The observation of the 
time relation between two gamma rays emitted in cascade, or the time 
relation between the arrival of a pulse of bombarding particles and 
a gamma ray produced by a reaction,is capable. in special circum- 
stances, of yielding measurements of lifetimes as short as oe ae 
sec. (Sc63). 

In this section, some work done using particle-gamma-ray 
coincidence measurements is described in connection with the nuclear 
reactions B (dsp y) Bi? and of (4,5 na ae The equipment used for 
the measurements has been described in Chapters 2 and 4, The main 
incentives to attempt the measurements were an estimate of the mean 
life of the 0,95-MeV state of a and the resolution of the discrep- 
ancy in previous measurements of the 0.871-MeV state of Tele 

In searching for a reaction involving p-Y coincidences 


2 16 17 
to compare with the p+ (a,p y)B? reaction, 0 (d,p y)O was found 


to be the most suitable, However,a discrepancy existed between two 
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precision measurements of the lifetime for the 0.871-MeV state in ee 


Kane et al (Ka60) had measured a = 0,25520.013x107” sec, by gamma- 
gamma coincidences, whereas Gale et al (Ga62) had obtained c. = 
0.4340.02x10~” sec. by pulsed-beam methods, Although a measurement 
by p- Y coincidences was not expected to give a precision measure- 
ment, it was felt that the greater selectivity for the desired 
reaction made it a worthwhile measurement. In any case, this investi- 
gation would provide a basis for comparison with the a transition 
since the gamma-ray energies are approximately equal, i.e. 0.87 
versus 0.95 MeV. 

During the course of the measurement, the incentive in the 
case of oi? was removed when Lowe and McClelland (L063) obtained 
Cc = 0,26620.008 x io sec by pulsed=beam techniques. Our results 
are consistent with the lower value and may throw some light on the 
reason Gale et al measured an apparent long lifetime, 

The pulse-amplitude distribution of Fig. 5.7, obtained by 
observing the gamma rays from the deuteron bombardment of a thin 
quartz target with a NaI scintillation detector, shows that the 
0.87-MeV gamma ray from ad Cae 1 is the only one with appreciable 
intensity. A "Naton" 2 in, by 2 in. plastic scintillator was used 
for the final timing measurements and yielded a spectrum with the 
Compton edge of the 0.87-MeV gamma ray as the only prominent feature 
above 0.5 MeV. 

The spectrum of charged particles is equally as "clean" 
as the gamma-ray spectrum, The spectrum of Fig. 5.8 was also taken 


at a bombarding energy of 1.5 MeV with the particle detector at 
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FIGURE 5.7 


The Gamma-Ray Spectrum from the i oie 


reaction at EG = 1,5 MeV 


This spectrum from a NaI(Tl) detector was obtained 


by bombarding a thin Sil, target with deuterons, The 
1 
only intense peak is the 0,8/7-MeV gamma ray from 0 " 
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FIGURE 5.8 


The Charged-Particle Spectrum from Léor-mMey 
Deuterons Incident on a Thin SiO, Target 
nen 


The proton groups from the s teen reaction to 
the ground and the first excited states are the prominent 
features above 1,5 MeV. The width of the peaks is 


mainly due to target thickness. 
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120° to the beam direction, The proton groups to the ground 

(2.9 MeV) and the 0,871-MeV state (2.09 MeV) of ot? are the prom- 
inent features above the scattered deuterons from ys and a", 
The weak group at 3.1 MeV can be assigned to the og ain 
reaction to the ground state, The other weak groups are unidenti- 
fied, but probably arise from reactions with Si, The width of the 
peaks (150 keV) is due to the thickness of the target, but is not 
serious here since the proton group of interest is well separated, 
An estimate of the target thickness from the width of the peaks gives 
about 400 pgm/em”, The value does not agree with the thickness 
determined by weighing so that the targets were probably non- 
uniform. 

Figure 5.9 shows the time spectrum for the 0.8/7-MeV gamma 
ray. The kicksorter used to record the spectrum was gated on only 
when the pulses from both detectors satisfied the necessary energy 
conditions selected by single-channel analysers, The curve shown 
is the sum of eight consecutive runs, Each run was separately 


analysed "on line" to give the normalized moments of the distributions 


which are listed in Table 5.l. 
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FIGURE 5.9 


The Time Spectrum of p~ Y Coincidences for the 
0.871-MeV State of ol? 


, ne ° 
A plastic scintillator at -90 detected the gamma 

rays in coincidence with protons detected at 110 
The time shown is the time taken for the intensity to 


decrease by a factor of 2. 
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The Normalized Moments of Consecutive Runs on the Delayed 


Coincidence Spectrum of 017 


TABLE 5.1 


From this we could determine that no drifts had occurred, and there- 
fore tried a third-moment analysis of the data to obtain a lifetime 
estimate of the 0,87-MeV state of off, Before discussing the 
analysis, a few comments regarding Fig. 5.9 are necessary. 

As indicated in Fig. 5.9, it was found necessary to put a 
10 pin. Ni foil in front of the solid-state detector to prevent the 


observation of neutron-coincidences, Presumably the neutrons 


arise from high Q-value (d,n) reactions; the heavy-ion recoils 
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entering the solid-state detector. The effect was pronounced when 
the gamma-ray detector was at forward angles and may explain the 
long apparent lifetime measured by Gale et al. The dotted curve 
shows the tail of the distribution after elimination of neutron- 
ion coincidences by protecting the detector with the 10 pin, Ni 
foil. 

A third moment analysis of the distribution was carried 
out after the background had been subtracted (background= 3 
counts/ch)., The moments were calculated for two limits of integra- 
tion; the first analysis being calculated from channel 50 to 
channel 90, and the second over a narrower, more symmetric, range 
from channel 60 to 85. The first three moments of the sum distri- 


bution are shown in Table 5,2, 


RANGE 
(CHANNELS ) M1 M2 M3 AREA 
50 to 90 72,440.06 21,820.5 24.7 5475 
60 to 85 72,3220,.06 19,0t0.4 Jeo 5404 


The First Three Moments of the Delayed.Coincidence Curve 


For Nand Coie 1 he for Runs 1 to 8 in Table 5.1 


TABLE 5.2 


The third moments are seen to be considerably different for 


the two analyses since M3 is strongly influenced by the Sake OF 
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the distribution, Correction factors can be calculated to extra- 
polate the computed values of M3 to correspond to the entire range 
of the distribution, but this is considered unreliable, 

For a "prompt" distribution M3 is zero, i.e. it is 
symmetrical, In cases where a prompt re is not available, the 
evaluation of the M3 from the delayed curve has been used to obtain 


the mean lifetime (We60). The lifetime can then be calculated from 


if3 
T = ji M3 ] 


The values from Table 5,2 give © equal to 2,3 and 1.5 channels, 
which correspond to 0.31 and 0,20 x io sec. respectively, The 
value 0.31 x ig sec, certainly represents an upper limit on the 
lifetime, and therefore decides which of the precision measurements 
mentioned earlier is correct, 

The data shown in Fig. 5.9 could be used to give a more 
precise statement about the lifetime, but published data from 
experiments using pulsed-beam techniques are much more accurate, 

The experimental problem of measuring the time relation of 
the 0,95-MeV gamma ray with respect to the protons from the 
taal CF y) Bit reaction is similar to the a case, However, the back- 
ground is much more serious in the direct spectrum of the charged- 
particle detector and the gamma-ray detector, The background under 
the proton group of interest (see Fig. 5.10) can give rise to true 
coincidences since the continuum under the peak is partially from 


12 


the ae Cha reaction, the C ” immediately breaking up by alpha- 


particle emission, Shielding the solid-state detector with a foil 
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The Charged-Particle Spectrum from a Natural Boron 


Target Bombarded with 1,.7-MeV Deuterons 


; fe) 
The particles were observed at o. = 110°. 


1.0 
0.5 
240 
A single- 


channel analyser selected the proton group to the 0,95-MeV 


state of ta 


for fast coincidence measurement. 


The peaks 


are identified by the residual nuclei and the energy level. 
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to reduce the n-Q coincidences is impractical, since the energy 
resolution would be degraded. To separate the @=n coincidences 
from the desired p- Y coincidences, the scintillator was placed at 
a distance sufficiently far from the target (12 cm) so that the 
neutron peaks would be shifted from the gamma-ray peak in the time 
spectrum, 

To maintain reasonable conditions for comparison of the 

17 12 | 
0 and B measurements, the side channel selecting the energy of 
the pulses in the gamma-ray detector was first set on the 0.871-MeV 
16 17 F 
gamma ray for measurement of the 0 (d,p y)0 reaction,and held at 
the same settings of bias and channel width for measurements of the 
bi 12 3 , 
B “(d,p Y)B reaction, In this way, no extrapolations of the time 
resolution curve are required for the contribution to tes by 
the gamma-ray detector, or (t) being the variance of the resolution 
curve, 

The variance had to be extrapolated because of the different 
energies of the protons, This was done using the relations for the 
resolution described in Chapter 4. 

Since the second moment of the resolution curve for the 
ae Ce yor? reaction is known accurately and the mean life of the 
0.871-MeV state is known, the resolution curve for a hypothetical 


"prompt" curve can be derived, The second moment is related to the 
mean lifetime, @, by the relation 
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where 
M, (F) = the second moment of the delayed resolution 
curve, 


M, (P) = the second moment of the "prompt" curve, 


Using the first value of M, (F) from Table 5,2, My (PB) was 
calculated, A Gaussian curve with M, (P) = Oo (t) was then calcu- 
lated and the peak located on the peak of the experimental time 
spectrum obtained from the Bap yb? reaction, The solid curve 
drawn in Fig. 2.7B (Chapter 2) was fitted in this manner. From an 
inspection of the fit, it was concluded that the curve is a 
"prompt" curve, 

W. G. Davies of this laboratory programmed the LGP 30 
computer available in the Nuclear Research Center to calculate the 
moments for the Mad CO | ha measurements. A 60 digit per second 
paper-tape punch read out the memory of the pulse~amplitude analyser 
after each run, The tapes were then fed into the computer for 
immediate analysis. 

The moments listed in Table 5.1 were calculated from the 
well-known expressions for moments. 
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where: 

My = the first moment 

M = the nth moment 

th = the channel number 

ny = the number of counts in th after background 

subtraction 

N = the total number of counts in the distribution 

The statistical errors on M and M, were taken to be 
(Ke5l): 

AM, = 
i 


These expressions are quite adequate since the background 
under the peak was very small. Also, the background was well 
determined since a large number of channels was devoted to background 
on both sides of the resolution curve, 

Before concluding this section, some references dealing 
with the moment analysis of resolution curves to extract lifetimes 
should be given, since this topic has been covered ee in the 
literature, 

Newton (Ne50) has given a method of analysis related to 
the moment method, but designed to take advantage of the most statis- 
tically significant parts of the prompt and delayed curves, This 
method is similar to the “subtraction of spectra" method used in 


Chapter 3 to calculate the small energy change due to the Doppler 
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shift in the energy of a gamma ray, 

The problem of analysis of resolution curves has been 
treated generally in papers by Bay (Ba50, Ba55) and Birk et al 
(Bi59). More recent articles dealing with this topic have been 
published by Jone (Jo59), Gale (Ga62) and Sundstrém (Su62). 

It was mentioned earlier that it is possible to extra- 
polate the lifetime from moments calculated over a partial range 
of integration, The method of analysis used by Newton shows how 


this may be done. Equation (3) of Newton's paper is 


Afecey - re) 


oy 

rx 

F 
i 


dx 
=] 
where: name Se 
P(x) = the "prompt" curve 


F(x) = the "delayed" curve 


The equation is multiplied by x and integrated over a 


finite range 


B B 
Jee dx = A hece) - xFcx) | dx 
dx y 


A 


Integrating the left-hand side by parts and rearranging gives 


B 
a J [aren = 2700] dx 


B 
f F(~)ax + AF(A)-BF(B) 
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The numerator is the difference in the "moments" of F 


Cs 
and P calculated over a finite range, Since F varies like an 


the usual expression for @ is obtained as the range of integration 


is made larger, i.e. 
C m= M, (Fy 4) 


Similar expressions can be obtained for relations involv- 


ing higher moments, but they become too cumbersome. 
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